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\ . u_ * arP members ol croup LAB or arc closely related to — 

^^^t-v-wXpa-scm new daw ^ , our earlier data lor these irons. ji.lUuiuyli Olini rt nH * 

this larke group.ynd we have also , nCD me basis their positions on element-Ni 

distinguish All and ICD irons on^ ^ ^ q . CQmpacl ficlds on C |emeitt-Au 

diagrams. )we iiadithat ploiting thi new a V naJ groU n The largest set includes the majority (—70) ot 
diagrams, each set corresponding to au mp • ^ ^ iab main group. The remaining five sets we 

irons previously designated I A. »<- t ns »- *• jhree ot these suberoups have Au contents similar to the 

designate subgroups ' within .he -All Tlte groups onginally designated IIIC and 

mam group, and term parallel trends on , rmist c c £*J ^ each g olhcr and lrom t he main group. The 

HID are two oi these subgroups: they arc m ^ „ roup Two other IAB subgroups have appreciably 

other low-Au subgroup has N. contents tust a compositional links to iL We have named these hve 

higher Au contents than the main g f0U P -rv c lhrce subgroups having Au contents similar to the 

subgroups on the basis o. their Au and N, ~nts. high-Au (H) subgroups. The Ni contents are 

main group are the low-Au lid ** ub?ro “ p ' X oid gr0 up HID is now the sLH subgroup, the old group 
designated high (H). medium (Ml or low (I . . Thus dre old W between sI.L and sLM on 

UIC is the sI.M subgroup. In addition. . e.ght rons « »!■*£ J J ooiide these compact holds but 
most elemcnt-Au diagrams. A large number Ul) ot rotate^ ^ j i AB complex, 
nonclheless appear to be sullictently rd< ^ h jn g , ilar properties. Most are roughly chondrtuc in 
Many oi these irons contain coarse Mtautt.* ha i g P metamorphism. In each ease the stltcatc 

composition: the maltc silicates show {&}lQ £ _ o3%0> . ln aU hut tour cases 

()-isolopic composition is within ihc ca 2 \ l7 0 s -0 68 %c. Tine silicates appear to be ubiquitous 

lh ’ S ** V,SC0S,UCS l " ““ ParcnU, ‘ mC “ rCaChed high Va,UCS 

before buoyancy could separate these Au diagrams provide constraints for evaluating possible 

The we 11 -defined mam-group trends on L crystal scercgauon model in which solid and melt 

models: we hnd the evidence main^roup having formed by fractional 

are essentially at equilibrium. T c - hl me evidence lor rapid crystallization and a high cooling rate 

crystallization are: a) the small ^rar^c • latter the small sizes of the y-iron crystals parental 

through the y-iron stabtl.iy held. Ihc 1 ^ recorde d in the silicates (including retention ot 

to the Widmanstatten pattern and the limi , n conlrasL crystal segregation in a cooling metallic 

albitic plagioclasc and abundant P n ™’ g , u an d melt migration) can produce the observed trends 

melt (and related processes such as incomp g imoact heating on a porous chondritic body, and that 

in the mam group. We inter that this in L local regton: the melt cooled 

the melt was initially hotter than the cornbtm-<J (mainlv silicates). We suggest that the close 

rapidly by heat conduction .mo ihc ^ low : Au subgroups arc the result of similar 

compositional relationships bctvac events that occurred either at separate locations on the same 

Copyright © 2002 Elstvier Sdenct Ud 
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I. INTRODUCTION 

There arc four large groups of iron meteorites. All rcscarch- 
ers agree That three of these (UAB. IHAB. and IVA, termed by 
efficient tract. onal crystallization o. a slowly cooling magma 
iHaack and Scott 1993: Wasson and Richardson. 2001). Sue 

, ar r»“oi“ » l w— •» 

je’jmicd magmauc groups. Them a d.sagmcmem regarding 


•Author in whom correspondence should be addressed 

« -» sp~ 5^ md *,«»««, 
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the origin of LAB. the other large group. Some (Wasson et al.. 
1980; Choi et al.. 1995) concluded that it is a nonmagmanc 
group formed as impact generated melts with only minor solid/ 
liquid partitioning effects superposed. Others (Kracher. 1982, 
1985- McCoy et al.. 1993: Benedix et al.. 2000) endorsed 
models involving the fractional crystallization of magmas. 
Kelly and Larimer (1977) envisioned IAB irons io be succes- 
sive extractions of partial melts from a chondrtuc source. 

Wasson (1999) and Wasson and Richardson (2001) called 
attention to the advantages both for taxonomy and for cosrno- 
chemical modeling of plotting data for the magmatic groups on 
element-Au diagrams, as compared to the traditional ele-- 
ment-Ni diagrams. The chief advantage for those groups is that 


c£ U&3 possible. 
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i he total Au range is much larger, but the relative uncertainties 
(including sampling effects) are as low or lower than those lor 
Ni. As a result, trends in the magmatic groups are much better 
defined on elemcnt-Au than on clement-Ni diagrams In t is 
paper we show that trends involving nonmagmatic group l AM 
and similar irons are also belter resolved on element-Au dia- 
grams even though the degree of Au fractionation is small 
compared to that observed in the magmatic groups Our new 
data set shows that there are several closely related groups 
within what we now call the 1AB complex. 

2. ANALYTICAL TECHNIQUES. SAMPLES. AND 
RESULTS 

We determined 13 elements 1 12 plus l ei in mcul I" 
neutron -activation analysts (INAAl in repl.cate “ 

were used lor internal normait/.alion I he pmcvUuro are .hose m'snP 
Wasson et al . 19891 except lor .wo minor changes I he 
thickness is now VO instead ol 3 2 mm. and we now apply small 
, ..enerallv in the range 0 95 to I 051 samplc-specihc v.mxtt.His t. 
make the N. values in the first count agree better with m.^clrornthc 
ihird and tounh counts (which arc corrected to make I c 
mg/gl We then choose a correction (actor lor the scc.aid counuhans 
intermediate between that tor the hrst and the tne-an eorrec ^ ^ ^ 
ihird and lourth counts. In most cases, concentralii s 
determined on ..(her samples hy radiochemical neutron acuv at.cn anal- 

yS AI < thnugh the INAA dau were gathered over iwo-plus Meades, 
significant improvements in the quality were achieved s.arung * I A 
As a result, some meteorites were rcsludied and the recent analysis 
given double weight in the determination ol die mean. In most mete- 
on.es we had previously determined N. hy 

nhotometrv in these eases the Ni means were calculated treating nc 
S^tu*£» a-s an additional repltcate. We have also 
some older analyttcal runs to .ncrnpnm: more 

nons and. tn a lew eases, revised some standards to soiree, sysismaoc 

LrT | ^Tablc I the meteontes arc listed alphabeticallv together with their 

are listed m table 2. and previously unreponed ,nd v.dua^ ^malyses 
carried out in or -alter 1986 are listed in die Appendix lo las.l, a c 
comparison ol Table 2 with Ihe diagrams, die ^Hit^are M«cd^ 
ihe new groups tor sctsl resulting from this s.udv and arc lisicd in order 
.1 i nr r* 'A n i n p Aii content within tilth suhgmup 
s“.T^ mcans listed tn Table 2 differ from published values 
because o. minor changes in calibration minor changes 
me ot replicates, or (tn rare cases) die discoverv ol anthmeue or 
® W( . esiimatc rclauvc 95ri- conltdence limns on ihe 

copying errors. We « Nj Ga „ ^ Au . 4 .0 6«* for As 

£ 0 ^* 70 ' 10* for W (values >05 rrg/gl. Sb ( >200 ng/g). Re (>50 
nc(g» and Pt (>2 >rg/g). Because much ol ihe t r is in minor phases 
,£Lv chromite., sampling em« result tn 

,«i the mean aKM.. In addition. there is an K interference in me 
determiMthin of Cr resuiung from die ’ W, 'Cr '^emron^re; 
actum' our somewhat uncertain estimate ol the level ol interference is 
h!rgCrSrgm.c (Wasstm and Richardson. 200. ». Our dau were no, 

^kw^r^^catu, among die Cu replicate. Ahhmigh 
.. .hi a mav reflect contamination by Cu-hase diamond blades, in 
a later discussion wc suggest that the scatter mainly reflects 
sampling of metallic Cu grains dial are Man “-und tn IAB irons, 
mainly assoc. alcd with FeS (El Goresy. 19651 

5 THE CLASSIFICATION OF IRONS BELONGING TO 
THE IAB COMPLEX 

3.1. Some History 

The roman numeral system of dividing iron meteorites into 
fields on the basis of Ga concentration was devised by Gold- 


berg et al. (1951) and Lovering et al. (1957). When Wasson 
f 1 970) discussed the high-Ga meteorites, he restricted group I 
to tail within certain relatively narrow fields on Ge-Ga and 
Cre-Ni diagrams: his group l extended down to Balfour Downs, 
w.th 56 ng/g Ga and 194 /xg/g Ge. but he noted that there were 
several additional irons that fell along an extrapolation of these 
fields to lower concentrations. Wasson (1974) designated the 
low-Ga. low-Ge irons in these extrapolated fields IB irons, and 
designated die irons in the original group l as IA irons. His 
view was that these were densely populated and thinly popu- 
lated pans of a single genetic sequence. Our current, more 
complete data set shows this view to be incorrect in detaiL 

A small set of related irons was designated IC by Scott and 
Wasson (1976). This group mainly shares relatively high Ga 
and Ge contents with IAB. but does not have the high As. Au, 
and Sb contents of the latter group. At this time there is no 
reason to believe that these irons are closely related to IAB. and 
they will not he discussed further in this paper. 

Groups IIIC and IIID were hrst described by Wasson and 
Schaudy (1971). who noted that the "groups may be related to 
each other." Scott ( 1972) combined the two groups and Scott 
and Bild ( 1974) noted that several properties ot mCD membeis 
paralleled those of IAB irons. Scott and Wasson (1975) agreed 
that the combined HICD set was a single group. 

Wasson et al. (1980) extrapolated HICD element-Ni trends 
down to low Ni concentrations, reclassifying several low-Ni 
IAB irons as niCD on the basis of Ir. Ga. and Ge values that 
plotted below the main IAB trend. Choi et al. (1995) continued 
this approach and reported a large body of new INAA data on 
IAB. inCD. and related irons. Despite these additional high- 
Quality data, they could resolve no compositional hiatus be- 
tween IAB and HICD on Ga-Ni. Ge-Ni. Ir-Ni. or other ele- 
ment-Ni diagrams: they therefore recommended “that the entire 
(IAB-IIICD) set he treated as a single group, but with the 
proviso that researchers measuring properties of possible tax 
onomic values should continue tofsearch for hiatus. ' 



3.2. Compact Data Fields on Element-Au D 

IAB Main Group and Several Related Subgroups 

The criteria wc used to select iron meteorites with cornpo- 
sitional links to IAB arc best discussed after surveying the 
properties of the meteorites having the characteristic properties 
of this set of meteorites. These criteria are discussed in more 
detail in section 3.6. The mam threshold values are: Au>L3 
ftg/g. As >10 (JLg/g. Co >3.9 mg/g. Sb > ^ 

bottom of Table 2 wc also list 3 irons that are LAB related (e.g.. 
based on O-isotopic compositions) despite having low Au and 
As values. There may be other exceptions. 

When we plotted our IAB elemental data against Au instead 
of Ni we found that with a small number of exceptions, on 
element-Au diagrams except Ir-Au and Cr-Au. the dautendcj 
to form compact fields (and in most cases, linear arrays). Most 
of the original IAB members (i.e.. those with Ga > 50 fcg/g) 
form a densely populated cluster having -70 membra we will 
call this the IAB main group and give it the symbol IAB-MG 
(or MG when the context is clear). 

The Ni-Au diagram (Fig. 1) proved to be the best suited to 
resolving this large set of irons into smaller sets of closely 
related irons. In addition to the IAB main group, five subgroups 
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AB iron -meteorite complex 


, Of irons belonging to ddtcrt m categories wtthin the 1A B complex. 
t nhir 1 Assienmem ot irons Detongmg — 

— “ _ Mrte 


Meteome 


Fairfield (OH) 
Follinge 
Four Comers 
Freda 

Gahanna 

See text tor group 


Meteorite 

Garden Head 
Gay Gulch 
Gladstone uroni 
Goose ^ake 

Grosvenor Mt GROQS.SIl 
Grove Mm^ V8003 
Guangxi Coal Mine 

Harlot tov-n 
Has par os 
Hassi-Jekna 
Hope 
Idaho 

Itapuramja 

J^raluo 

Jenkin^ 

Jennv * < reek 
Kaaiu-^rs 
Karee M*kiI 
Kendad Counts 
Kofa 

La Se'ena 

Lamesa 

Landes 

Lewis Cliff LCV. K6540 

Lexington County 

Lime Creek 

Ltnville 

Linwood 

Livingston i TN) 

Lonacontng 

Lueders 

Magnesia 

Magi*ra 

MaJtahohe 

Mazapn 

Mertzon 

Mesa Verde Park 
Morasko 
Mount Aylitf 
Vlount Magnet 
Mundrabilla 
Mungtndi 
Muzalfarpur 
Nagv-Vazsonv 
Nan tan 

Ne* Leipzig 

Niagara 

No We Africa NWA468 
No We Atnca NWA176 
Ocoullo 
Odessa uroni 
Ogailala 

Oktibbeha County 


Meteorite 

Oscuro Mountains 
Ozren 

Pccora Escarp PCA91003 
Persimmon Creek 
Pine River 
Pitts 

Pittsburg 

Pooposo 

Purgatory Peak A77006 
Qarat ai Hanash 
Quesa 

Reckling Peak A80226 

Rifle 

Rosano 

San Cristobal 

Santa Cathanna 

Sarcpta 

Seelasgen 

Seligman 

Seymour 

Shrewsbury 

Silver Crown 

Soledade 

Smith ville 

Sombrerete 

Surprise Springs 

Tazewell 

Thiel Mtn (TIL91725) 

Toluca 

Twin City 

Udei Station 

Uruacu 

Vaalbult 

Ventura 

Victoria West 

Watervtile 

Weddcrbum 

Wichita County 

Wolsey 

Woodbine 

Wooster 

Wu-Chu-Mu-Chin 

Yardea 

Yenbeme 

Yongning 

Youndegin 

Zacatecas ( 1792) 

Zaffra 

Zagora 

Zapaiiname 

Ziz 


abbreviations; u„ = -grouped -e-ber of .AB cotnp.ex: np = no, plotted. outside Au hauls on diagrams. 


and two related grouplets are resolvable on tins diagram^Fo 
this reason we have dev.sed a nomenclature tor tne subgroups 
based on their mean Ni and Au contents. As discussed.nmo 
detail later, the low-Au groups all seem to be closely related to 
one another, and there ts some possibility that «v«ral <mme 
from the same parent body; the link between the high- Au 
XTps and the mam group is more tenuous. Hie discovery 


of these closely related groups raises serious nomenclature 
problems; alter considerable thought and discuss ‘°"' 
nose to designate them subgroups within the IAB complex 
rather than independent groups. We will, however, somenmes 
use groups as a generic description when referring to the mam 

group and one or more subgroups. 

five subgroups have 6 to 15 members. Three of these 
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. r .^. pnmDlex Data Usled separately for the nuun group, the 5 subgroups, the 5 duos, and the 17 

Table 2. Mean composition of the irons in the LAB P 

solos, and sotted in t erms of increasing A u within each of the sets of irons. " ” 

— — _ eu w Ir Pt Au 


Meteonte 


— ~ r Ge \ s Sb W Re Ir Pt Au 

nX ,2., wS;. ‘A* a ai '■*’ '«*■ wi " Ii ‘ w> <w,w 


LAB main group 

Landes 2 

Burgavli 

Duel Hill (1873) 

New Leipzig 

Cosby s Creek 

Wolsey 

Uruacu 

Magura 

Ziz 

Sarepta 

Soledade 

Zapaliname 

Chuckwaiia 

Uapuranga 

Bolivia 

Coolac 

Yardea 

Ballinger (LCLAl 
Campo del Cielo 
Gladstone (iron) 

Seligman 

Allan Hills ALHA76002 

Pecora Escarp 

Lueders 

Morasko 

Lin wood 

Hope 

Black Mountain 
Seclasgen 
Jaraltto 
Nan tan 

Canyon Diablo H° 

Ycnbeme 

Poo peso 

Fairfield. OH 

Oscuro Mountains 

Youndegin 

Idaho 

Cranboume 

Hasparos 

Canyon Diablo L p 
Lexington County 
Jenny s Creek 
Rosano 
Seymour 
Wichita County 
Deelfontein 
Jenkins 

Guangxi Coal Mine 
Silver Crown 
Ozren 
Rifle 

Purgatry Pk PGPA77006 

Bohumilitz 

Vaalbult 

Gahanna 

Smithville 

Odessa (iron) 

Dongltng 
Burkett 
Casey County 
Pittsburg 
Mourn Ayliff 


438 

4 51 

65.5 

317 

28 

4 45 

664 

168 

19 

4 60 

67.0 

163 

19 

4 65 

66.8 

149 

25 

4 46 

64.7 

154 

43 

4 52 

66.2 

137 

29 

4 65 

64 3 

145 

23 

4 62 

M4 

136 

30 

4 54 

67 5 

140 

25 

4 65 

65 9 

149 

21 

4 57 

67.8 

147 

31 

4 58 

67 1 

130 

28 

461 

659 

156 

28 

4 68 

65.2 

131 

21 

4 64 

67 0 

157 

35 

4 51 

69 9 

161 

20 

4 44 

70 2 

185 

26 

4 61 

67 8 

148 

38 

4 58 

66.8 

140 

20 

4 71 

65.6 

153 

28 

4 59 

66 7 

162 

40 

4 48 

68.0 

153 

29 

4 62 

70.8 

148 

381 

4 65 

70 2 

351 

<31 

4 53 

67 6 

154 

12 

4 54 

67.1 

136 

23 

4 60 

70.6 

148 

23 

466 

64 2 

128 

24 

4 54 

65.9 

159 

32 

4 68 

66.6 

148 

20 

472 

68.8 

143 

26 

4 63 

69.3 

148 

29 

4 72 

68.2 

159 

44 

4 63 

700 

196 

19 

4 70 

67 2 

143 


4 51 

68 9 

179 

26 

4 70 

68 3 

145 

24 

4 66 

72.3 

154 

26 

4 60 

68.2 

139 

27 

4 66 

66.1 

154 

24 

465 

69.3 

150 

20 

4 58 

68.4 

154 

n 

471 

68.8 

; 4 1 

23 

469 

70.6 

151 

29 

4 68 

67.8 

159 

32 

4 66 

67 9 

148 

27 

4 49 

70.3 

160 

25 

4 55 

69.2 

151 

24 

461 

70.7 

165 

28 

461 

71.6 

142 

31 

4 75 

70.9 

139 

24 

4 69 

70.5 

134 

22 

4 69 

72.4 

148 

21 

4 76 

72.8 

134 

26 

452 

68.3 

145 

16 

463 

69.3 

174 

20 

4 65 

69.2 

160 

34 

472 

71.9 

129 

22 

4.73 

71.2 

157 

23 

464 

69.6 

170 

22 

4.73 

69.7 

163 

16 

468 

65.4 

130 

26 

4.88 

73.5 

134 


87.5 

97.1 

99.4 

92.2 

93.1 

92.8 

89.6 

95.6 

89.1 

98.8 

98.6 

84.2 
1 00.0 

96.0 

97.3 

93.5 

58.1 

87.8 

93.0 

91.8 

93.5 

93.7 

82.6 

78.7 

102.7 

91.0 

89.9 

95.9 

102.8 

88.9 

79.8 

82.1 

84.0 

79.6 

80.7 

79.7 

84.5 

83.4 

83.8 
104 

83.0 

82.4 
82.2 

90.0 

87.2 

83.4 

84.4 

87.7 

84.6 

83.4 

78.5 

77.2 

78.8 

76.7 

83.6 
85.4 

87.1 

75.0 

87.8 

89.2 

81.2 

89.2 

80.0 


1.417 

1.435 

1.439 

1.439 

1.445 

1.457 

1.458 
1.461 
1.461 
1.464- 

1.465 

1.466 
1.468 
1.472 
1.482 
1.485 
1.487 
1.490 
1.490 

1.490 

1.491 
1-500 
1-504 
1305 
1305 
1308 
1310 
1315 
1323 
1326 
1330 

1334 

1335 
1337 

1337 

1338 
1340 
1.543 
1350 
1350 
1352 
1355 
1359 
1359 
1362 
1365 
1376 
1380 
1382 

1385 

1386 

1387 
1392 
1395 
1395 
1397 
1.610 
1.611 
1.615 
1.619 
1320 

- 1330 
1.633 
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LAB mam group, continued 
^ Bogou 
Copiapo 
Dungannon 
Kaalijarv 
La Serena 
OcoliUo 
K Zaffra 

B Allan H.lls ALHA77283 
^ ‘kubgroup >LL (low Au. low M> 



Annaheim 
Katee Kloot 
Pine River 
Goose Lake 
OgaJlalu 
Wooster 

Surpnse Spnngs 
l>eport 
Bischtube 
Balfour Downs 
Grosvnr Mtn GR0955I 1 
Mazapil 
Toluca 

Comanche (iron) 

Recking Pk RKPA80226 
Elephant Mor 
EET8333 ? 

Shrewsbury 
Bahjoi 
Niagara 
Naey-Vu2sony 

„ subgroup sLM (low Au. med(um M 
Persimmon Creek M 

Maltahohe aC 

Anoka 
Mungindi 
Edmonton i KYi 
Carlton JC 

Lamesa 
Eevekinot 

subgroup >LH (low Au. high Ni. or 
FolUnge 

Davton aw 

Tazewell 

Lewis Cliff LEW 86540 
Freda 

Wedderbum 

subgroup sHL (high-Au, low- i 
Chcbankol 
Lonacomng 

Sombrerete nc 

Hassi-Jekna 

Algoma 

Magnesia 

Qarai al Han ash 

Victoria West 

Muzaffarpur . 

^ subgroup sHH (high Au. high Ni. 
Garden Head 
Gay Gulch 
Mount Magnet 
Allan Hills ALHA80104 
Kofa 
Linville 
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a *6 

: 4 



to 

4 *4 

) 2 

49 
1 “■ 1 


18 

- h2 

8 1 

4 


37 

4 88 

0 0 



21 

4 71 

<0 5 

: ■’7 


23 

a 4 : 

*- 8 

: ; 6 


n 

a 87 

H 



19 

a 86 

8 l 8 

! 96 


1 3 

a 49 

'8 8 

:o 6 


23 

4 90 

80 2 

no 

ac.gr 

19 

4 99 

82.4 

176 


23 

4 88 

*2 6 

173 

uc 

19 

4 88 

so 6 

184 


16 

4 88 

* V3 

217 


21 

4 83 

"9 4 

146 


14 

5.01 

"9 3 

172 


18 

4 99 

80.9 

189 


4.8 

6.0 

6.0 

3.3 

5.5 

7.0 


7.0 

5.0 
5.9 
5.7 

4.6 


, me 


ij 


41 

5 48 

[17 9 

15 

5 26 

1140 

21 

5 56 

1 18.0 

15 

s 50 

118 6 

21 

5 48 

1 29 0 

18 

5 67 

1 t2.3 

12 

* 60 

i *2.8 

1 1 

5 62 

1410 

igmallv 

12 

ll!D) 
5 96 

1779 

12 

5 92 

no 

13 

5 39 

ro6 

12 

5 99 

182.9 

11 

6 29 

232.1 

10 

6 12 

234 0 

19 

5 16 

91 7 

29 

5 35 

^6 9 

44 

5 07 

98.4 

17 

553 
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Tabic 2. {Continued) 
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a Silicate textures are largely from Benedix et al. (2000. 

Texture abbreviations: ac. angular chondmic; gr, graphite -nch: nc. 
h TwcjTanaiyses (high- and iow-lr) given tor Canyon Diablo. 

have Au contents similar to those in the mam group, and two 
have resolvably higher Au contents. We designate the former 
low-Au (LAu) subgroups and the latter high-Au (HAu) sub- 
groups. These are then further divided into high-, medium-, and 
low-Ni subgroups (HNK MNi. LNi). Thus the iow-Au subgroup 
with the highest Ni content (which mainly consists ot the old 
group HID) receives the designation lAB-sLAuHNi. but we 
mainly use the shorter form sLH when the context is clear. The 
two groupiets consist of meteorites closely related to the 
low-Au groups. 






nonchondntic: pb. phosphate-bearing; sr, sulfide-rich. 


In Fig. 2 we repeat the Ni-Au diagram (Fig. 2a) and also 
include three diagrams that rank next to Ni-Au in potential for 
classifying the extended LAB set; Co-Au, As-Au, and Ga-Au. 
In Fig. 3 we show data for four additional taxonotmcaliy 
valuable elements; the Ge-Au diagram is almost as good as the 
first four diagrams, and the Sb-Au and W-Au results are quite 
useful when high-precision data are available. The Cu-Au 
diagram is good but, as discussed below, Cu value* may thow 
sampling variations that limit their utility. The main group and 
the five subgroups are shown on these diagrams by different 


n 


F3 


I 



i r hv w One oi ‘he low-Au grouplets 
lillcd svmhols. except si -L by * s - 

.» s .h= «»t "«> - «« •*— “ “ ” 

r.. - « . r zsz 
: scL-* .» »■« «*■— «" 

isucs suggesting ? cnu “*' ^ ^ ^ lhat with the excep- 
()n the Ni-Au diagram <Hg. 2a) wix. 

====== 

origins, and thus must be assigned to d.tferent groups o 

8f 7e Co-Au diagram (Fig. 2b) shows strong evidence tor the 
sa^ compositional clusters. There is appreciable overlap be- 


tween the main group and the sLL subgroup 
groups arc resolved. The total range in main-group Co conteno 
fs from 4.4 to 5. 1 mg/g: the fact that this main-group cluster is 
so compact is a testimony to our high precision torCo.The 
spread m Co within any narrow range in Au is on W >hout -3^ 
abound the mean. Particularly sinking arc the parallel trends in 
,he main croup and the sLH and sLM subgroups. 

The combination of fractional crystallization and mixing 
effects that determines the compositions ot e iro 
matic groups produce similar fractionations in As and Au. 
” ‘ Au plots o. these groups yield linear trends kmv -* 
slooes and. generally, similar intercepts (Wasson and Rtchard 
son^2001). Nevertheless, we found that the As-Au diagram 
(Fie 2c) had good taxonomic value tor resolving irons in 

man on the Ni-Au diagram, only sLL shows appreciable over 
lap with the main group. As on the otter dia^temmn- 
erouo field is quite linear and compact Similar to the Co-Au 

be subparallel to those in the main group but slightly higher 
than predicted by an extrapoiauon of that trend. 
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this Step tollowcd by the diffusional dram ... the Cu out l ol the 
l-c-Ni into the Cu metal. In ordinary chondrites, mvtall Cu 
tends to nucleate at the boundar.es between metal and l eS 
(Rubin IW41. The observed "normal m-.n group level ot ca. 
ISO pg/g Cu might then retlect the ajuilmnum Lu content ol 
the le-Ni at the diffusional blocking temperature. 

3.3. Assignment of Meteorites to Subgroups 

3.3.1. Low-Au subgroups anti groupie's 

-me mam-group Helds are well dct.net. m lags. ^-2d *ld 
lie 3a (Ge-Au). We suggest that, by comparing the data 
distributions in the main group with those in other clusters that 
appear on these diagrams, we can as.sess whether members ol 
suTh clusters are sufficiently related to warrant (sublgroup 
status. It seems clear that sl.H and sl.M (the old groups HD 
and IIIC. respectively) have properties consistent wi a g 
ment to a group. If their compositional links to the main group 

independent groups, as worthy or this status as other smal 
groups of iron meteorites (such as UC or IDR 
g The new sLL subgroup is also well defined on the Ni-Au 
diagram, occupying a position between the mam group and the 


sLM subgroup but nearer the main group. Its existence as a 
satellite of the main group is one ot the reasons tor holding that 
the sLH and sl.M subgroups should be treated as part ot the 
same complex. As discussed below, on most other diagrams 
sLL shows appreciable overlap with the mam group but it is 
somewhat resolved on the As-Au. Co-Au. and Cu-Au dia- 
grams. Among the low-Au groups. sLL ts the only one whose 
existence had not previously been proposed. 

In addition to the sLH. sLM. and sLL subgroups there are 
two low-Au grouplets that arc closely related to the main group. 
We named these after one of their members that is an observed 
fall On the Ni-Au diagram these grouplets occupy the region 
between sLL and sLM. The "Udei-Station" grouplel has lower 
Ni contents: it has six members (enough to be called a group 
but we suggest it needs better definition before this designation 
be given), four of which contain coarse silicate inclusions. The 
“Pitts” grouplct has higher Ni contents: two of its three mem- 
bers contain coarse silicates. Although we are dealing with die 
statistics of small numbers, it is noteworthy that neither the 
main group nor any of the other subgroups has such a high 
fraction of coarse-silicate-rich members as these two grouplets. 

Subgroup sLL generally appears to form a htgh-Au exten- 
sion of the main group. On the Co-Au (Fig. 2 ). u tg. 
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20. and Cu-Au d ig. .V) diagrams most ^ al “ cs 
higher than ihe (positive, main-group lrend \ 
cL (he mean c.cmcnt/Au ratios are 

sl.L than in the mam group. The other dugra Au 

the best resolution ol the low-Au subgroups are L • 

" , rn .. Au < i-'ies. 2b. 2d and 3a): on these diagrams sl.H and 

sLM arc fully resolved from each oiher and 
This is also marginally true on the As-Au j‘‘!? rd ^ ' ()n 

all these diagrams sU. partially " vcrldps J" g , M 

the W-Au diagram d ig. 3h) subgroups sl.H anu 
resolved from each other and from all other groups. ^ 
detection limit only permuted us to report one value It r . . 
Subgroup si overlaps the main croup 


jj,2. Hi^h-Au subgroups 

The two hiuh-Au subgroups arc designated sHH (high Au 

‘J'.TU im>!< a. W«m. The shi. 

«—» »' ,h “- the ... 

'»» Child plausibly he W—-d ^ „ 1IlvAa ^ B|1W , arc 

group to higher Au contents. L , u 0 i them 

fess well defined than the iow-Au subgroups In cash ol them 
E, « possible reasons to dtscard one or more -ns ^ 
set Because «. these complex, ties we ced 
chemical and textural observations, we thcreltre 

deuiled Hussion "x^had'miirihTg’cneral compositional 

^ **'^^*^ U mC ^”,gr^i <, to* l thc* 

ISSpSHS 

wo Zui'rc» h™ »^u * -M„»d 

- wui 

Z Z 

vertical spread in ^ m[0 qucsll0 n the assignment 

observed in t e nu ftve mins . The groups are also 

ol group statu diaeram (Hg 3 a). with the exception ot 

^ved on the G ^ZT^\^ IS in s.dc the sHH 

«* «“* r 

TnSning irons asstgned to sHL. On the As-Au diagram the 
^wnoLV^bove IhTthT sHL data plot along rough extrap- 

o t n srr^ an pan becausc ot a 

moderately high analytical uncertainty). 


W Kallemeyn 

Our conclusion is that both of these high-Au groups include 
irons that arc closely related, but also that there may be inter- 
lopers in each group. The logical next step ts to make a detailed 
comparison of their structures, and to gather additional O- 
isotope data, perhaps us.ng laser-tiuonnauon to study tndtvid- 
ual silicate grains (Young el aJ.. 1998). 

3.4. Silicate Inclusions in the Irons of the IAB Complex 

i. useful to review the baste evidence regarding silicates in the 
IAB -complex irons because these provide additional 
regardingtoc classification and the ongtn ol these “ons. The 
sl E£ can either be coarse (grains or aggregates >2t ran) or fi« 
and dispersed. Those with coarse silicates are idermfied tnTaWe^ 2. 

U appears that fine silicates arc ubiquitous in the 
assianed to IAB-UICD. i.e.. in the mam group ^ ^ dose^ 
rdaL low-Au subgroups and grouplets. LI Gorosy (1965) found 
ciiiraL*s in every graphite- troilite inclusion he examined in the 
IAB irons Canyon Diablo. Odessa, and Toluca (but dtd not find 
ihem in graphite-free FeS inclusions). In Appendix i of Buchwald 

oHAB group I. From this list we deleted Thoreau (paired wtdt 
(>teS) and four irons (Pan de Azucar. Mayetthorpe. Surprue 
S^uS, and Pcnopavlovsk) for which Buchwald s ^ 

5 that he failed to find troilitc. cohctute. or 8«pfo«m to 
inclusion-rich group. These corrections lead to a calculated sill- 

c-asdv m issed this must be inteipretcd as a lower limit 

A^izable fraction of the irons contain coarse silicates, big 
enough to allow textural studies and. in tavorable cases, to use 
modS abundances to estimate bulk compostuons. Bcnedix et 
al (2000) studied four of these occurrences and summuue 
t S of earlier studies on 19 others (they also tnchided 
Tacubava but we agree with Buchwald (1975) that to i M ®»* 

« is pr^Wy n-rt «» Totot 1*1 

vdicatc assemblaecs into five categories: angular chondrtuc (ac). 
nonchondnfic (nh sullidc-nch (sr). rounded, graphite-nch frgMnd 
kncnhaiis-ht-arine (Db): in six cases they report two ot tnese 
categories in a single iron. Chondritic silicates dominate, and are 
nXd in 19 of the 23 irons on their list (if Tacubaya. wtacb _tas 
J^Tniic silicates, is indeed Toluca). We list their classifies 
C ° i mn 2 of Table 2 In pan because we also include 
thTso'-caUed niCD and ungrouped IAB-related irons, ouctot 
ncl ^ cs five other occurrences in which silicates wtth dimcn- 
stons mm are known among the members ol the complex. 

In Fig The compos.tions of the irons that contain coarse f« 
silicates are shown on the Ni-Au diagram W,th r ***£ 
an reported ^ 

fall within a narrow range; A 0(-o u u ^ A<in 

by Benedix «. t (2000) « •» 
and -0.681h. This is vsiihin (lowssds “ pl ” ^ 
range for whole-rock carbonaceous chondrites ^ 
thaf the precursor materials were carbonaceous cho^n^ 
Circles are drawn around the symbols ot ,rons J^“ " 
silicates having this classic IAB O-isotope cornposmmudra- 
monds around the four that have more negative *°™*™*' 

THe diagram shows that three of the latter tour aon taw to 
> 2ftg/g. The exception at Au 1.42 is VermUficm; o» A Ois 
-0.76%! not fully resolved from that of » >» 0 ^- 

The other three meteorites have more negative A O valnea. 
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I,g. 4 This plot <H IOC N 1 VS lot AU ^J***™^ -<U0 -0.6«* diamond 

Circles ar.mmi the points indicate mat the A O ih ^ ^ excepuon „{ LET84W0 on ihc left axis, the irons plaining 
outlines indicate the poinis havine A « extendme lrom Kendall County on the bottom axis to San Cm‘obal 

« tuea-e bc'ne irons have Au contents >2 «*. Hie other. Vermillion lA - 

J '^., ,s,us, t Ibe low-A o, .be lower end o, die main croup 


even deeper within the carbonaceous 

ranEC - Sombre re to (- I.W-; icntatively assigned to the sHI.. 

and Maycda. ,9%,. NWA46H <- . ^ 
the NWA46K duo; Kubin et a... 2fl« and Yamatt H4SI 
i -n 779!,. solo ungrouped. Clayton and . lave . 

All except one of the irons having classic O-isotopic eompo 
lions form a d, agonal band extending lrom Kendall County on the 
lower left (Au 1.4 fig/g> and to San Cnstobal on the ^ngh 
( Au 2 0 p-g/g). The lone excepuon. at Au 1 M M-g/g ' i L , 

iL £L in the main group and the 
couplets arc reduced. The highest olivine l a conicm mob 
m Udei Station (assigned by us to the Cdet Station group ■ 
The most reduced olivine is Fa 1.0 in Pine River (Benedtx *L 
spOOf a member of the sLL subgroup. A still lower value 
a Ts) "present in the olivine of Elephant Moratn 

FLT84300. but the Au content (1.31 «< this un ? r ° U ^ 

tron is slightly below the IAB range (hut near an extrapolation 
Ilf sLM to JL Au values). Because its O-isotope composuton 
is similar lo that of low-Au members ol the complex (A O 
-0 50%; Clayton and Mayeda. 1996). it should proba y 
included in discussions of members of the IAB complex. 

In these silicates the olivine Fa content is lower than the 
low-Ca pyroxene Fs content. As discussed by Kallemeyn an 


Wasson ( 1986). equilibrium between these phases leads to the 
opposite trend. Thus. Fs > Fa indicates that reduction was 
ongoing as temperatures fell. Diffusion rates arc appreciably 
lower in pyroxene than olivine, thus the pyroxene preserves an 
earlier, more oxidized state. It follows that the original precur- 
sor chondritic materials had higher mean olivine Fa and low-Ca 
nyroxene Fs values. The graphite and carbides common in 
these meteorites could have served as reducing agents P ro 2? d ; 
mg the resulting CO was able to escape (Kracher. 1985) This 
discussion leads to a key question regarding the origin of IAB. 
what were the original FeO/(FeO + MgO) ratios in the silicate 
precursors? It would be most usetul to examine whether the 
detailed compositions of the silicates vary systematically 
among the groups, subgroups, and groupiets. 

In our set of meteorites the only silicates that are known to 
be FeO-rich are found in Sombrcrcte. a possible member of the 
sHL subgroup. According to Prinz et al. (1983). these globular 
silicates mainly consist of plagioclase and glass together with 
minor (modal 15%) Fs 25 Wo 05 orthopyroxene. « 

not chondritic. but similar to the impact melts observed in HE 
irons that are closely related to H chondrites. However, the tow 
A it O value of Sombrcrcte dearly indicates an affinity to car- 
booaceous chondrites. 
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3.5. Some Properties of the Subgroups 

Subgroup si. I. overlaps the mam group on most diagrams, 
and the members are clearly closely related to the mam-group 
irons. One property that can immediately be note in a c • 
that several of the members of this subgroup contain coarse 

One sU- member. Annaheim. has an exceptionally high ( 5<H> 
jag/g) and reproducible Cu content. Values m the remain c 
range from 230 in Karee Klool down to I so in Bahioi and 
Ogallala. As discussed above, a possible wav to produce scatter 
in Cu values that were initially more unitorm is to nuc ea 
Cu-nch phase such as Cu metal followed bv diltusive draining 
ol Cu oui ol the I c-Ni metal. 

Subgroup sl.M includes all the meteorues originally as- 
signed to 1IIC bv Wasson and Schaudv t .0711 Those have now 
bifen auemented by Kgvek.not and die sil.eate-neh iron M; 
lahdhe (McCov ct al.. 1993). Coarse silicates arc dhu " Ud " 1 
Persimmon Creek which, because its M tomeni is -. g/g 
higher than expected from the sl.M trend t see I Sr - d »• 
designate it an anomalous member ol the group, 
diagrams (Ni. Cu. Sbl Persimmon Creek could be assigne ! o 
si H The only other sl.M containing coarse silicates Carlto 
(Kracher and Kurat. 19771 and even here they 

Subgroup sl.H includes all the meteontes assigned o group 
HID by Wasson and Schaudy (19711. The only member ot th is 
small group to contain coarse silicates is Dayton: these rare 
assemblages were lirst reported by Fuchs ct al. ( 1 9b 1 an more 
completely characterized by ITinz et al. (I9K21. 

3.6. Other Meteorites Associated with the IAB Complex 

There are many ungrouped irons that show composu.onal 
links to group IAB. It was therctore necessary to establish 
criteria for reiatedness to the IAB complex. Initially we mainly 
cho.se irons having high Au and As values and other -toW* 
similar to those common ,n the h,gh-C,a l>5<> Hg/g IAB »ro^ 
Then, alter working our way through the data sets tor the main 
group and the live subgroups, we chose die following comp^ 
sitionai threshold values for possible membcrsh.p m ihc IAB 
complex: Au >13 rfg. As >10 »xg/g.Co >3.9 mg/g Sb >180 
ne/g and 0 4< Ge/Ga £7. Some meteontes were included even 
Sgh we had no Sb dau: we mfened that these meteontes 
belong to the IAB complex based on concentration data tor 
other elements tor. for the main group, trom textural observa- 
tions! The criterion based on the Ge/Ga ratio eliminates some 
meteorites (Dehesa. Soroii. Yamato Y7503I) that arc otherwise 
compositionally similar to lAB-complex irons. Because Ge and 
3d to fractionate so coherently, we felt that thts cmenon 
was useful, but it is possible that future studies will show that 
these deserve inclusion in the IAB complex. 

In addition to the meteorites assigned to the main group and the 
live subgroups, we show dau on Figs. 2 and 3 for five duos (pairs 
of more or-iess related irons) and 17 solos that on the basts ot 
these criteria, appear to be members of the IAB complex. TTie data 
for the duos arc plotted as filled triangles that arc obviously related 
on most diagrams. The solos are shown as open squares. 

In some diagrams these ungrouped irons may plot within the 
field of one of the groups or along an extrapolation ot a group 
trend In Appendix A we briefly discuss each of these cases and 
aide J Compositional dau that convinced us that these 


irons should not be assigned to one or the other groups. The 
compositional evidence nonetheless supports the view that the 
ungrouped irons listed in Tables l and 2 have properties con- 
sistent with assignment to the broad IAB complex, and that 
most if not all formed by the same processes that produced the 
members of the groups. 

4. TRAPPED MELT AND NONMETALS IN IAB 

4.1. Evidence of Trapped FeS-rich Melt In Irons in the 

LAB Complex 

Most IAB irons contain moderately large (1- to 5 -cm) ellip- 
soidal troilite nodules. These contain variable amounts of 
graphite: for example. Buchwald (1975) observed a graphite 
fracuon of 0 to 50 vol.% in the nodules ot Gladstone (iron). We 
refer to these objects as troilite nodules even though the graph- 
ite fracuon can be large. The troilite nodules are surrounded by 
shells of cohenite and schreibersite > l mm thick. They also 
contain minor phases including silicates and chromite. 

The solubility of S is very low in metallic Fc-Nt: D s < 0.01. 

If we assume that D s = 0.005 and that typical S contents of 
IAB melts were 200 mg/g or less, we calculate a maximum 
content of S initially dissolved in the solid metal of 1 mg/g. In 
Table 3 we list the S contents estimated for IAB irons by 
Buchwald ( 1975). including seven meteorites that belong to the 
main group. Buchwald also listed a value for MG Burkett, but 
closer examination showed that this low value (1.7 mg/g) is 
based on a bulk chemical analysis; because it seems unlikely 
that the analytical sample included a representative amount of 
FeS inclusions, we rejected it His high S value for MG Bogou. 
20 mg/g. is based on an area of only 83 cm*: we list U but do 
not include it in the IAB mean. All values are >4 mg/g. We 
also list an estimated S content obtained by R. S. Clarke 
(personal communication. 2001) for the United States National 
Museum (USNM) El Taco slice ot MG Campo del Ctelo. 

Buchwald also provided S values for what he called group- 
I-Anom meteontes and for some other IAB-related irons such 
as Mundrabilla and Watcrville. One I-Anom iron. Bendego. is 
now assigned to group 1C and not closely related to IAB; the 
other four arc listed in Table 3. Of these, only Persimmon 
Creek is assigned to one of the subgroups: as noted above, tt is 
a compositionally anomalous member of sLM. Pitts is a mem- 
ber of the closely related Pitts groupleL 

In magmatic group D1AB melt seems to have been trapped by 
stochastic mechanical events such as the collapse of the core (ot 
core-mantle) structure (Wasson. 1999). However, the relanve urn- 
loimity of the FeS distribution in most IAB irons suggesB that 
they were trapped as a result of the raptd solidification ot the melt. 

The moderately high abundances of FeS obtained by modal 
integration (Table 3) suggest that most IAB irons include large 
melt fractions. If we knew the S content, we could use these 
values to obtain the melt fraction. In terrestrial layered tntro- 
sions the composition of the parental melt is estimated fromthe 
chill zone at the edge of the magma chamber. Here, unfora- 
nately we do not have field relationships that allow the unam- 
biguous recognition of such chill zones. Nevertheless, there a 
reason to believe that we have some dull zones, particularly in 
the silicaie-rich members of the IAB complex. For example, the 
section of Pitts illustrated in Buchwald (1975) shows many 
features that could reflect quenching of an FeS-nch melt mixed 
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Meteorite 




10<*Q Cjmpo del Cielo 
Canyon Diablo 
Gladstone (iron) 
Odessa (iron) 

Toluca 

Wichita County 
Youndegtn 

Other than main group 
Mertzon 
MundrubiUu 
Persimmon Creek 
Pitts 

San Cristobal 
W aterville 


Table 3. UB irons tor which Buchwald (1975) reported S content^ 


Au 

(^g/g) 


Ni 

(mg/g) 


C 

<mg/g) 


P 

(mg/g) 


S 

(mg/g) 


(cm 2 ) 


1 65 

■’VJ 

— 

1.7 
*» 5 

20 

4 b 

83 

4000 

1 49 
1.53 

tyb 8 

69 3 

10 

2.6 

7 

10 

11 

1620 

900 

1 49 
1.61 
1.72 

6S 6 
71 9 
80.2 


2.5 

1.6 
*> o 

5 

7 

12 

500? 

3100 

348 

l 56 
1 54 

67 9 

68 3 

6.4 

2.5 

4.3 

204 




2.5 

14 

80 

t 53 

l 64 

8 

0 

10 

2.6 

2.0 

80 

30 6 

>1000? 

-30? 

1 54 

1 -1 1 7 


2.0 

97 *> 

24 

! 70 
2 00 
1 63 

1 2"* 1 
:\2 
~6 ' 

5 

1.8 

3.0 

40* 

30 

>1607 

80 


J Bogou oata based on small (80-cnri section not 1 !" ‘ ^^^jhe silicate tree fraction. The listed Campo del Cielo S value is a rough 

' The S Pms°S o«r csutnatc: Buchwald ( .975) g.ves a lower value of 60 mg/g. 


with abundant silicates. The structure oi Persimmon t reek, 
which we designate an anomalous member oi the sLM sub- 
eroup. ts similar. 

Our modal analysts of a photo of the Pit's section yielded a 
S content ol 97 me/g in the combined metaJ FcS pomon o! this 
small (27-cm-i section (USNM 1378). Although the uncer- 
tainly is high because of the small area of the section, this 
provides a rough estimate ol the S content o one IAB melt. e 
main-group data summarized in Table 3 suggest ihat the S 
content of the main MG melt was several times smaller. 

At the other extreme from Pitts is the large <3600 enri El 
Taco slice of Campo del Cielo at the Smithsonian Institution 
, Fie. 78 in Buchwald. 1975) Despite tnc urge aoundancc (4 
vol %) of coarse silicate inclusions, the maximum S content oi 
this specimen ts only ~ I vol.* FeS. equivalent to -4 mg/g S 
(R.S. Clarke, personal communication. 2(011. The relatively 
hiah Ga. Ge. and Ir and low Au and Ni contents ol El Taco are 
also consistent with a low melt traction 

4.2. The Nonmetal Composition of IAB Melts 

Buchwald also estimated P contents for essentially all irons; 
we list in Table 3 his values for the irons in which he estimated 
S. Estimates of the contents of the less abundant nonmetals are 
most casilv obtained from the irons ha-.inc me hiehest S 
contents and thus the highest melt fractions. From the values 
tabulated for high-S MG irons in Table j we estimate a S/P 
ratio of roughly 5 g/g, similar to estimates tor the magmatic 
groups (Wasson. 1999). The S/P ratio tends to be higher. - 10 
g/g, in the lAB-related irons. 

The C content of IAB irons can be quite high. Buchwald 
( 1975) lists a few values obtained by moda: integration, and we 
have tabulated these in Table 3. His three MG C values range 
from 2 mg/g in Odessa to 10 mg/g in Cam on Diablo. Moore et 
al. (1969) and Lewis and Moore (1971) used a milling tech- 
nique to obtain reasonably representative sampling of minor 
phases (including carbides). The highest C concentrations they 


observed are in the IAB irons Dungannon (4.55 mg/g— Lewis 
and Moore, 1971) and Rifle (1.8 mg/g— Moore et al., 1969). 
The mean of ail their IAB values is lower. 0.80 mg/g. We 
suspect that, despite the milling technique, these authors did not 
adequately sample the C associated with large FeS nodules, and 
we suggest that the mean initial C content of main-group metal 
was 2 2 mg/g and that the C/Fe ratio was 20,01. Buchwald’s 
modal integrations are too sparse to allow strong conclusions, 
but they suggest a mean C content in MG irons around 4 to 5 
me/g. similar to the Lcwis-Moore Dungannon value. 

5. FRACTIONATION OF IAB METAL BY CRYSTAL 
SEGREGATION. NOT FRACTIONAL CRYSTALLIZATION 

5.1. Main-group Trends as Indicators of the Style of 
Fractionation 

Our results show that most eiement-Au main-group fields are 
compact and also that the heids in the three closely related 
low-Au subgroups are reasonably compact (for the elements 
plotted on Fig. 2) and have trends similar in slope to those in 
the main group. Mainly because the data sets are smaller, there 
is generally more scatter in the fields ot the subgroups than in 
the main group. The similarities in the properties of these 
element-Au fields offer important new constraints on possible 
models for the formation of the IAB groups. 

As discussed above, the membership (and. thus, properties) 
of the high-Au subgroups are less well defined than the low-Au 
subgroups. Although we think it probable that these also 
formed by the same processes as the main group, we suspect 
that additional data will show that some of the listed members 
of the high-Au sets are outliers, and we therefore do not attempt 
to discuss their formation in the same detail that we devote to 
the main group and the low-Au subgroups. 

5.2. The Fractionation of Ir in the IAB Complex 

Past arguments for attributing a nonmagmatic origin to IAB 
included the small range in Ir and the low slope on Ir-Ni 
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lhal me values outside these limits show the effects of frac- 
if“ai tystalliaation. and should be excluded from the follow- 
ing discussion of a crystal-segregation model. 

There is too much scatter on the three diagrams in Fig. 5 to 
iusSy an exact determination of die slopes. We show two sets 
’ • ,. nes on eac h diagram: the curve through the data is a rough 
. hv mixing equilibrium solid and liquids. The 
fu genera c y mAB g sofe| and liquld evoluuonary tracks. 

al U we nTsUocus on the Ir-Au diagram (Fig. 5a). wesee ^ 

roughlv mwuh a mixing-curve. If one were to e ^lude thej&ve 
main-group members having the highest Au contents, die miv 
mel™ slope could be increased by a tactor ot 2. If. m 

contrast- we have mistakenly separated the sLL ™ 

contras estimate would be smaller. If we were to 

SduusLH and sLM mcmbcis formed in the 

nrnress wc would again obtain a steeper slope, 
auon P r ^ e “ u wav lh csc three holds plot on the Ir-Ni 

S^m (Hg Sewell as the Ni-Au and Co-Au diagrams 
. ^ y makes the last proposal appear implausible. 

The modified IIIAB solid (sol) and liquid (liq) tracks plotted 
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6. A SCENARIO: CRYSTAL. ^^{^maGMA 
FRACTIONATION in AN IMPACT -(.F.NERA1 r.u 

6.1. Some Constraints 
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certainly associated with metallic - meluv n Jhc rn^ ^ 

h,nh U '! h r;r:" S' Icll'mixed <by convecuve stir- 

S, I, cates are c “ lraai0 naied mtncnonuru.c. and somc- 
ItS^he indymite veins m .VA Cnbeon, appear to he 

C °^Tcoarsc^hca^s in IAB irons are commonly chondmtc: 
The coarse sum alw lower lh an the plagioclase 

thus tem^raiurcs *. cxcurs , ons t0 <> short to allow 

solidus (bnclhgh pc silicates have high 

melt migration m ^ examp | e / the compilation ot 

contents ol % spallation -corrected pn- 

Schultz and Franke (2000) shows tnat P - ^ 

4 mordial 36 Ar concentrations^- 10 cm i 


■mi ) Z\ 

/tc<>v u 1 


, . lhl . C.i.raics otCampo del Cielo. Landes. Pitts. Udct 
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requires temperatures to drop ~300 K to change' the viscosity 
by a factor of 2. In the scenario given below, the initial melt 
included suspended crystals, and the increase in 
cooling was probably mainly the result ol an increase in 
fraction of such suspended crystals. . 

Not only did the melt cool rapidly, the metal also J 

the T-iron held at a relatively high rate. Based on dtlTc™ ty 
oriented Widmanstatten patterns. Buchwaid ( — ^ 

y-iron crystals to have dimensions ui the range - to c • 
testify to a high-tcmpcrature cooling process tar mo c p 

sires of the largest y-' ron crystals are >- m t uc w- 

6.2. Original Mass of the MG Material 

An important question is the original mass m MG I™'** M( - 
problem can be approached by estimating the mass lux ■ ; l . 
material to the Earth and using cosmic-ray ages to estimate 
removal 

^ M |^ ^dM/dT = A • M ( n 

where dM/dt is the rate of mass loss and M is the mass < t 
material in the part of interplanetary space that is ,ccd, ^ M( ' 
meteorites to the Earth. -mere are many ^ g ° 

into such a calculation, thus, the results are only 'l'“ ,vc 
Errors could easily he as much as an order ol magnuu^. 

iron meteorites account for ~<M>4 o. ‘he meteonres th-f ^ 
this is the value that one obtains Iron. 
elimination of the results tor unclassified 
irons that belong to the main group is - • h(J 

calculate that (MM >6 of the mcicontic matter aecumula g 
Harth consists of MG irons. 

As emphasized by various authors an s own ha 

Kytc and Wasson ( 1986). evidence from craters 
the mass of accreting matenal per logarithmic -ss mterval 
increases with increasing mass. 1 or that reason, 
requite dependent on upper limit on the mass that one uses. 

We Integrated the mass function recommended by Kyle and 
we uuLgia 2 , 2 upper limit 

Wasson for the mass range to to i t I 
approximately corresponding to the sire or Ih. “ ' 

«**> 

icrrcstnal MG mass flux ot 9.9 g mechanisms 

increased this by a .actor of 4 to allow lor ^oval mechanisms 

other than accretton to the Harth. and by a Uctor o. 2 m 
approx, mate the amount that was present .mmudia^ly attcr t 
disruption events that starred the cosm.c-ray dock renmng^ 
-me mean MG cosrotc-ray age ohta. n ed by ^ K- K 
method hv Voshage (1978) and Voshage and Kldmann ( 1979) 

7m Z However. Lavietle e. 1. 0*. *wed « me* 

ages are sysremattcally high by lactors ol 1.4 to I1W* 
therefore used prem^^* rcmova*OTMUiu 

l a r—TrelV: flux 500 Ma agre ^calculate J 
mass of MG matenal of 2.410 16 g. or (at a density ol 8 g 
cm-') a volume of 3 km 3 . If. as Wasson and Ouyang 0990 
tor Canvon Diablo, the largest members ot the set 

already stared, these estimates are very rough. 


6J. Heat Source 

The distribution in compositional space of irons from the IAB 
complex is much more diffuse than the distributions observed in 
ihc magmatic groups and nearby compositional space. This and 
the preservauon of chondritic compositions, the preservation of 
planetarv-type rare gases in the silicates, the retention of silicate 
grains in the melt, and the small sizes of y-iron crystals are best 
understood in terms of rapid healing and cooling. This temper- 
ature history seems best provided by large impact eveno. 

U is clear, however, that these events were very different 
from the cratering events that have been well documented on 
I-;anh Moon and. to lesser degrees, on other planets and satel- 
lites Such impacts of low-porosity projectiles into low-porostty 
targets arc relatively inefficient at generating melt (Keil et aL. 

1 997 ) Most of the impact energy goes into translational motion 
of crater ejecta, and the most heated material is ejected at 
velociues that exceed the escape velocity from the asteroid. 

In contrast. U the target asteroid is highly porous, the projectile 
may penetrate relatively deep, and much of the energy may be 
retained within the body, both because compression of porous 
materials leads to a more efficient conversion of kinetic energy to 
heat (Melosh. 1988. p. 41) and because the heated material is 
lareelv burred under insulating (mega) rcgolilh that does not 
Jape the body. As noted by Wasson (1991). the ideal target for 
producing melt is highly porous (this maximizes the conversion of 
kinetic impact energy to heat), fine grained (the centers of grans 
must be heated by conduction), and dry (wet targets lose much of 
the deposited heat in the form of escaping steam). Because it 
ymi clear that most materials agglomerated in the solar nebula 
were highly porous (as well as fine-grained and dry), such ideal 
targets must have been common early in solar-systera huton^ £ 

Even alter the coilisional compaction ot these early materials.#*. detS'btS 
{ some asteroids such as Mathildejai&lugh (micro or macro) — 

* fmrosities today (1.3 g cm >: VeWt al. 1999). 

The mean impact velocity in the asteroid belt ts ~5 km s 
(Botlke et al.. 199J rf. and the primordial value was probably 
about the same 4.6 Ga ago. There is a considerable spread in 
impact velocities, from -1 to 10 km 

deposited by a l-g projectile moving at 5 km s a 12.5 U. « 
requires - 1 .3 kJ g 1 to melt chondritic matter (Wasson. 1985. 
n 77): thus if this energy is entirely convened to heat, there ts 
enough to melt ~9 g ol target plus projectile. For a typical 
asteroid in the inner pan of the Asteroid Belt ~20% of impact 
velocities are >7 km s 1 (W. Botike. personal commumcauon. 

">001)' these impacts could melt an amount 2X larger. 

' Complete focusing of heat into the immediate surroundings 
is of course, unrealistic. Even if no ejecta escapes the body, 
some heat will be deposited into more distant materials. Be- 
cause heat transport by conduction is a slow process, the 
efficiency of melt production should increase with the size of 
the event Although we are unable to make a precise estimate, 
we suggest that large (>100-m) projectiles are capable of 
producing appreciable melting, the amounts being comparable 
to the mass of the projectile. 

6.4. Melt and Crystal Transport 

As shown particularly well in large sections of the Portaies 
Valley chondrite (e.g.. Fig. 2 of Rubin et al.. 2001). metallic 
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values were used 10 generate the sohd/melt mixing curves 

«. = *— ■> - r 

plotted m Figs. 5 and 6. Concentration?, in ug/g ~ w tr Au_ 


Element 

Assumed D value 
Main-group mean 
100% melt 

Co 

0.90 

464 

481 

1 t*7 

Sl 

i) 80 

M 9 
■*4 1 
M 8 

V_Jvl 

sb.5 

b8.9 

102.6 

7 

359 

221 

483 

042 
12.8 
16.1 
9 58 

2.9 

1.22 

0.72 

168 

3.0 

2.60* 

1.53 

3.67 

0.74 

1.55 

1.71 

1.40 

Wfe melt. 70% solid 
* One high and six lo* 

44/ 

|r values e\u 

luded trom mem. 

see text 







, mDacl melts are common m impact .altered chondntes Ac- 

cowhrtg'io Stoffler et al. 1 1991 >. tnese 

pressures than silicate melts Our m«ms- > cnonamcs 

melts arc also more common man '"'sale ^ 

that show massive vcming twins as ntuen - 
and seseral cm long,. 1. thus seems puusmie that mua. ‘ 

,s more easily melted than silicates dunne unn. u cn 
Because silicate and metal melts are , mm, sublc M* 

— - — rrt;,*. 

their viscosities arc low. ihcv will tenu 

near rubble that expcnenced less h * dun? . J , d und 

t: zsszxz- «. 

fully melt and thus that there were abundant erssialluation 
u L m the melt. TTese would have gradual.v ^ «« " 
me melt cooled The presence oi these grams m a subliquidus 
melt will cause v.scosities to nse very quick «««£££ 
suegest that the melt on.v needed to cool - 0 K to trap^the 
100-M-m silicates. In a deeply buned mdt - 

======= 

impact-eeneratcd metallic melt migrating ' ^ f d .,^ 

changing heat with) crushed silicates that wee mtuallv 

K cooler could surely be comHUCttd- coaeulauon of 

ZE3SSSS& 

stoned here is fundamentally different trom the >«ct.on^ crys 
tallizatton that occurred m the magmattc croups^ Fra ^ 
crystallization requires tha^the volu^ ^ ^ ^ 

' " d^hatThe me h^re mat ned well-mixed dunng differential crys- 
tallization and sequestering of the evolving ; solid In ^conrriK. 


the solid and liquid undergo only minor evolution during crys- 
TSis process is also very differem Iron, U. mett- 
•rapping events inferred to have played an important role in the 

SSL* of «rooP "IAB .»•»». »» TV UOB 
onlv a tinv fraction of a large magma, whereas in crystal 
segregation the s.ze of the melt is much smaller and the enure 

melt is involved. 

6.5. Crystal-segregation Fractionation 

Because the process we envision is very different from 
nrevtouslv published fractionation scenarios (Wasson et al.. 
rn g0 . McCov et al.. 1993). it seems useiul to describe it starting 
with the point where the metallic melt (and its loa * 
rvstalsi has formed but no bulk fractionation has yet occurred. 

If we assume that the main group is well sampled, the tmual 
buuTcwn position of .hi. melt ts the mean of the mat* .group 
data tabulated in Table 2. This value is listed in Table 5. We 
assume that tine (^100 pm) silicates were distributed urn- 
formlv throuchout the meit. 

We also assume that, initially and at all subsequent times the 
coexisting solid and liquid were in equilibrium. Becau « ot th = 
moderately large amount of scatter, particularly on the Ir-X 
"SLns in Fig. 5. we are sure that this assumpt.on can only be 

rmsidered a rough approximation. 

To put perspective on the elemental fractionations, we poin 
outsome simple consequences of the model. If we = ethat 
the initial melt was essenuallv pure melt. i.e.. consisted o 
-99% liquid and — 1 % solids, then the imual liquid would stiU 
have the MG bulk composition. If any ot this tiny solid rac o 
were to separate, it would have elemental concentrations equal 
,o Dy X m . where D x is the solid/liquid weight ratio and X„, is 
he MG mean concentration of element X. If. in contrast. ^ 
melt had crvstal.tzed and consisted of l* liquid and 99% 
solids then the solids would have the MG bulk compostuon. 
and any liquid that managed to escape would have elemental 

oncemranons equal to X Tn /D x . 

u is improbable that these tllustrauve fract.onauon were 
ever reaitzed. t.e.. it is unlikely that such early pure sohdsc* 
late pure liquids could separate from the relauvely rapcUy 
cooling svstem that we envision. Small quantities of 
might be left behind as the liquid drained downwards, but these 
Zl mainly constst of stlicates associated wtth nurmre 
amounts of adhering and intersuual melt, and the sohd mttal 
would probably have such small dimens.ons dtat such marenah 
would not be designated iron meteontes when *ey [a^SmaU 
amounts of late liquids would only separate if were w« 

in lubMe-pile «uao«Js wiU feel no oveibunfen piesane. 
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We have therefore based our calculations 
overs, mplihed model. We assume that all ^J on 

lu ,n fractionation occurred at “^ ^^1.,™ 

1 of the melt had crystallized. Until this P‘>'" , Mlllds 

had occurred much taster than the uoyani m- 
(note (ha, if we had metal and silicate grams the * 

buoyant |downward| velocity ot the mual w 

slower than the mix would 

position ol m-si/e or larger part - wf, corn- 

still preserve the initial composition i ice . xWKdm pr0 . 

position l . Separation ot crystals and melt 
ducuig the mam-group elemental Iracuonatio h 

In addition to assuming that the MO mean -pr ^s ^ 
hu , k initial composition of the melt plus m, 
li/ine solids, we assume that the h l ■ 

group approximates the composition ol this melt o cc - 
mins of key elements tn this initial melt are listed tn Table 
We can now wnte the mass-balance cquaiio 


X, ■«- < I - 1 ‘ ‘ x 
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h-r- \ and X refer to the concentrations oi X in the solid 
where X, and A, re . v = i > X we can also wnte 

and liquid, respectively, because X. v ' 

this equation 


x. = r-ivx, HI 


I )X, 


Collecting terms yields 
X_ = X, • ( 1 - 1 + 1 ' IV 


X| • [ I - I HDx 


III 


O) 


(4) 


„„ .UM.-os.ty and aote' "‘“To .IK d.aerains 

- «► ^ ~ 

hsri xzz — 

X riut £» «m *» “ "‘ws ~ 

ss 

,te “ "3&12 

“ * "*« «,» o ««.(«*- wo * 

• «* — - *■ 

eulated e - 7 These lit parameters are not 

segregation pr-ess fo K ^ dcgrccs of 

unique: the trends can . Wc chosc o values 

crystal sepatauon and ditlcren x ' ( pased 

aQ: , based on 0 ur studies of the magmatic groups 

on ranges wc '"icrmd uo Richaidson. 21)01). 

IIIAB (Wasstm- lW^dlVA^iv ^ ^ ^ c con|cm (aFc 

l)CCaUSC Ton and because very little is known about how 

atomtcrauo>l).Ol)Md^cat^ ^ n0( appear l0 be 

C concentration affectsDx experime nial results to narrowly 
possible to use pub ^ values should pe found, 

constrain rangM^Jw perhaps more plau . 


degrees of solid segregation. As noted above, wc assur^thattte 
hieh-Au ( I 7 mg/g) extreme of the MG is pure liquid. We then 
circulated that the low-Au <1.4 mg/g) extreme correspon^toa 
mix of 10% melt and 70<T solids. These estimates are consistent 
with our impression dial the range in melt (and S) contents .within 
the mam group might he around a tactor ot 4 with bulk S 
correlating with Au content We note, however, that the S content 
71st irons is probably lower. If we had chosen higher D x 
values, the amount of liquid at the low-Au extreme wm^hav e 
hc-n lower and the range of S contents would have been larger. 

We argue that any other team that would try to incorporate S 
estimates plausibility arguments about viscosity and coagula- 
uon to fit this many elements by such a model wouM choose 
values not very different than those listed tn Table 4. 

6.6. Fractional Crystallization 

As discussed above and illustrated in Hg. 5. a few IAB irons 
with compositions consistent with membership in 
group have ir contents that are well below the main-group 
Lzc We picture that these could have formed in rare cases 
IS ZL o. .d. cooled slowly cnocgl. » .Uow <ncd<«K 
rvsiallization If the silicates were the chief heat sink, this 
c^uld indicate that these melts were surrounded by «hcatts Uhat 
were hotter than those near the bulk ot the group. Although 
these regions were small compared to the toud main-group 
, me i hr* size ol the fractionated regions must have been 
m large enough to prevent compositional leveling by s^id- 
".ay have produced appreciable transport 

^T^reare^omc wscs ofrcsolvablc compositional variations 

S- o.*y have hoc widely schemed. 

6.7. Compositional Differences between the Subgroupa 
and the Main Group 

There are quite large differences in the elemental concentra- 
tions between the low-Ni subgroups and the mam group. He 
JESS •» discussion .. eigb. elemeoui. .he «™«l 
in Fie 6 and Ir We will limit the comparison with the mam 
IJp ,o sl.H and sLM. the .wo subgroups mos. w.de.y sepa- 

'‘tok™ ^.auvel" liuteftacooiKlionib A “ 

finli show roughly parallel trends, it seems reasonable to 

tration ol 1.7 ftg/g- uu n s lH/MG ratios ts 

Table 6. The most extreme differences m rnesc 

tiooal trends, it is appropcuie to 4 ^ 

variations in 

zzl 0. —• — “ “ z ,. 
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‘ “ •* :o 14 16 Au ((ig/g) 

A U tfJLg/g I 

6 mcsc MX clemcn.-Au Uugrams arc .he most were 7^01^. n T^^-urves 

Jwil S: low-Au xubernupv and the r-Mhle tract.onat on !*«*« .** t( , mp ns„.on near Ore h.gh-Au 
Zl-ueh .he main group xh-w .he h,. pmn.s „ 4 fable 4 > w.m an cqu.hhnum solid whose 

A=;:.r k sn s rr «. - ~ ^ . a - 

containing -*<« ol this solid 


main observed composiuonal differences in IAB (as then con- 
stituted) 1 or example. Ni contents in low -temperature melts 
might be h.gh because nebular condensation ol S on metal would 
:ll „r nr iron, s ™„ «.»i » «< — 

Ni content ,n the layer tmmed.atcly below the IxS f 
o. nebular metal m.ght have low contents ^OTfrbaause 
the Ir-rich condensates wete sequestered in s.hcates arbmtfe 
cores of incompletely melted Fe-Ni grams were Ir-nch (if relrac 
torv metal grams served as condensauon nuclei). 

It was suggested that Ga and Ge may have mainly condensed 
trom the nebula as oxtdes. and that these may have only been 


reduced in larger, high-temperature melting events. Tungsten is 
refractory under reducing conditions and volatile under oxidiz- 
mg conditions: tts variations could result because W was with 
Ir ? in refractory condensates, or because W condensed as an 
oxide and fractionated together with Ga and Ge. In gene 
impact-generated gases should be much more oxidizing Oian 
the P H -.-dominated solar nebula. As a result elements such as 
Ga. Ge and W that form volatile oxides may be transported as 
gases during impact events, thus producing either ennehnwnts 
or depletions relative to the parental materials (Rubin. 1999). 

Based on these arguments, we conclude that n is plausible 
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that the low-Au subgroups and g««“P - eas|W accou nts 

parent asierotd as the main group, fci* _ model, 

for the similar A 1 7 0 values, ti » our pre.errcd 

6 ». Comparisons with Previous IAB Models 

Numerous research teams have 

textural and compo— and those 

complex. A mau>r ditluvncc McCoy 

by Other teams , Benedix et al.. 2(XK): TaKeda a uL - ^ 

et al.. IW: Kracher. IdKM is th41 T" alini: . whereas the other 
melt was mainly produced by impac -''Al. 

— r r "rr-s ::X - 

Benedix et al. - wh(i( . uk metallic pomons are 

then use impacts to mix in n lhul L hc traction- 

still pardy or largely molten. s ^ crvsla ||j,ation but 

ationol the metal was produced V ^ jn usmg impacLS to 

give no details. Our model , (although we 

produce the melting and to generate t s Uu , J^cr- 
could not rule out multiple genera u fractionate the 

more, we use crystal segregation J ^ ^ 

metal in a way that allows the melt viscomiv 

enough to reiam S^St'ea^ IAB or lllCD iron 

Wasson eial.(19«0)sugg sl/ e S ranging irom 

tormed as a separate me p improvc j data sci (which 

similar A' 7 P values! requires ^ cflMre main group 

tormed ™ 

possibiy w,ihin a 

single parent asteroid. 

7. IMPACT ^iwSmSSM® 

■SSs* cSwHACtOUS CHONWUTF. 
METEOR! STEROIDS 


, iTY.mi»iv difficult to produce such materials from chon* 

U “ "I Ja heat source such as :6 A1 that releases us heat 
dntic pare y longer: deeply buried chondritic 

*"*» r r ™5 

marenais w iracuonauons such as .he m.gtauon of basal- 

Because mcch ^ ^ugh cracks or the gravitational 

tic melts into v ^ mc|al ^ si | ica ie liquids occur on 

separation many ordcrs of magnitude shorter than 

t,mc scales uvc hc ^ purees, these effects should occur 

those ol the throughout large (km-size) regions, 

more or less uni y ? syslem produces minimal melt- 

!f SUC n ^ rS oh^l^ons consist of the loss of a 
, ng . the first phy 2^533^ an F eS-rich metallic liq- 

plagioclase-nch s.hcare i.qut ^ mafic silicates and 

U tuf Textures would be coarser than those in the precursor 
meta ' ... , This process could explain some features of 

chondnttc si • or ues but it cannot explain the situa- 
these ditfcrcnttare Qclo in whigh lhe degree of loss 

7. low-rempc'raturc p P ,ag,oc.ase-nch melt *»J^£** ™ 

a scale of centimeters (Wlotzi mcWngTp^duced. the asteroi- 
lf extensive (perhaps 50»1 mc'ung P^ ^ ^ 

(Taylor el al.. Vrfit- d PJ~. .. d0 nallv crystallized. Thus a 
asteroids, such cores cnn \ 26 Al) heal source is that the 

heal release must be carctu V siUcaU; . lrce magmas, exren- 

ttEttZZSZZ - - - 

ot+realing/iiKiung pro- 

In summary, imnn«ihle to preserve chondntic 

, , . , 26 a i rWav u seems impossmie uj 

SSi- in t’tSSSSS'S 

more slowly *■“ ."?“( (Tom bre sites that contain primortial 

LhC CSC ^°‘ . SeTby in' sire decay of **K). Primordial gas has 
gas or Ar produced y dio c cni ie S; where much gas has 

been largely lost tromc implies a much more rapid 

been ^ ^"Tdtlional problems occur if extensive 
temperature h,st ®^ J ^ fractional crystallizauon of the 

m «7TZ' SITlSSi «> si “ trom ^ 

metal and dr y ^ trom s oi ca te melts, 

metallic melu or small metai g . textural evidence 

features preserved m the diffcren incomplete 

lodranires and ureihres) ^^‘^ggesl that there are 

melting of carbonaceous chondntes. we sugge 
To preven exceptions to this gcneraltzauon. 





. ** — » 1 s 

“■ »-7r,r™o p :' -n*w m *“ ion » ^ ■*“- 

naceous chondntes (a comoie x and their near relauves 

cate-bcanng ,ron * include the ureilites. the lodrannes. the 
the winonancs. these m thc Eag ie-Station pallastres. 

acapulcotres. the bent J 1 ^ differentiated meteorites 

and numerous uogroupedst ^ many 0 , these 

(e.g.. Hammadah al Hamra 23 ). ^ ey are com- 

sil.care-r.cb “ cb^blnres. re many cares me 

25S.VS « « «' * ^ i “““- r,c# me 


g. SUMMARY 

A reesaluaiion oi‘ dau on 
ZSL and »o bigb-An 

JSO be recogniaed bn u mclndea 70+ 

mlSs A « W m^ nrein group ren P«f“» ’£* 
members, me trei uncenainty in the subgroup 

defined. Although there ts more uncauuu , 
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trends, .t appears that their elemcnt-Au fields are ^rough^ 
parallel to those tn the mam group. This ,mphes 
in each group were produced by the same haste pmu.ss^ 
There are numerous features in 1AB irons i a L 
rapid traversal of the high temperatures necessary to genera 
the metallic melt. Among these are the re«nl,on m ^ sweats 

o. chondntic compos, t.ons and large amounts oi^naa^a 

radiogenic gases. The small sizes ol the y-.ron crystals parental 
to the octahedral structures imply rapid cooling dunng 

creating .All models ,s how to 

account lor the retent, on of small 

the metallic mclis of the IAB complex ^ 

separate buoyantly on time scales ol a year o c . 

it ,s not possible to avoid silicate separation , the hca - 

,s internal (e.g.. J *A1). Our model retains these 

a ho, impact-generated melt both by stirring the mU as it 

moves downward through the largely chondnte ru <-• •* 

allowing viscosity to nse rapidly as the mci, leaks heat to the 

cooler rubble and crystallization occurs 
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--^^appendix^ 


^Tngrouped irons closely related TO IAB 

c. The compositional holds around the main group and the five sub- 
groups arc rich in ungrouped irons. As discussed in section 3. our 
criteria for separating these from the three groups were maudy toedon 
the taxonomic element ploued against Au in Fig. 2- Ui some Me. we 
also needed to use one or more ot the four elements plotted In Fig. 3 to 
cimlirm (he uneruuped nature. As noted above, in contrast to tte preen* 
,rf Wasson et J. ( 1980) and Choi et al. (1995). our *" ”?[ ****[ 

lolottedinFig. 5) is of secondary .nvortanreforciasaificaii^becMeoi 
suspected sampling pniblems Cu (Fig. 3c) is also of 

mFig A I we show the posiuons of the 27 ungrouped irons Pitted 
on the same lour fields used in F.g 2. To bring out the pos.tiod. ofthe 
ungrouped trims, we clmunaied individual points for the group m em- 
bers and instead oullincd the fields they occupy. The pojsJioM of Ihe 
irons in ihe two erouplets are shown by small symbolsl^l^ 
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' ^Pkmed'as tilled triangles on Figs. 2. 3. and At 
,he members ol these duos arc closely related *° .*?**?£? ^ 

. losely related to the groups or the solo irons discussed below. For 
convenience in locating these trims on the figures, they are discussed m 
orl'o. "Creasing Au cimients. which are listed (in units of ng/g) 

immcdiiiiclv <Utcr ihe names. ... .. 

The lowest Au eonicms are ui the Algamibo duo. 

I ivingsion t TNH 1 .42) and Alganabo ( 1 46). these irons plot rclaUvcly 
near ihe mam group on most diagrams, but Ni and As are hi^CoMid 
Ga are low As can be seen in Tabic 2 and Figs. A I and 3, 
lions of laxonomic elements, with the exception rtf Co. w : *«mUr m 
ihe two m>ns. The lr difference is also large, a factor of 13. * lthou «{| 

,s of scamdary value for classtficalton. this 

could be oroduced by crystal segregation if D, r is around 3to4. as 
suggested m the text Ihe 0> difference of 1% is also ^ 

,4w^ed Hint MG irons having similar Au contents. Buch wald (19 75) 
noua that the structure ot I jvingston <TN) implies shock and 
™Hmn iollow.n E the tmfial formauon of the Widmanstatten pattern, and 
that graphite ,s common. Algarrabo ,s pa.red w;m ihc new uo^le. 
detailed structural observations arc not available, but Lindner and 
lluehwald ( 1983) report that cohcniic and graphite are present. 

"^members ot the Mundrabilla dun. WatcrvHle (1 63L and Mun- 
drabilla < I 64). arc FeS-rich irons, closely related to each other in 

mM diagrams, but pl.H sl.ghUy low on the Ga, Ge-. and W-Au 
diagrams^ Because of these discrepancies and Jhc.r 
eonicms. wc list them as ungrouped but they could also be designated 
anomalous members of ihe sLL subgroup . Q1 . , 

The two meteontes of the Britstown duo. 
l leohant Moraine EET96009 (1 98) are. on most diagrams. wMed 
more or less along an extrapolation of the sI.M trend ^ h f'*5“J^ 
values. However, their Ga. Ge. and W values are mu^Jugber 
expected from such an extrapolation. They are qunesnmlM lo eadi 
other in composifion. the only moderate different temg^tarcon- 
iems of Ga. Ge and W in Bhistown. A sinking shared charaetenstic is 
e^W high Sb contents of 2100 and 2600 ng/g. B ^,.“ 
sfiiSIres and graphite sheaves or sphenihies (Buchw^d. W5)JWs 
in EET96009 include silicates consisting of oilvinc ^*^ (McBride et 
roxene <Fs7 to 10) inrergrown with sulfides and graphne ^Brideei 
al.. 2000). similar in this regard to silicate assemblages tn the mam 

group and the low-Au subgroups. turrm ihe two 

T^ difference m lr Is even larger (a factor ™ 

irons in the NWA468 duo. Northwest Africa NWA^8 (2.21) a^ 
Grove Mountains 98003 (2.16). These two .tons alsodiffer bytteror 
S in Ga. and the difference m Ge appean to be 
TTiese differences call Into quesuon a close geneoc link between the 


Wtotzka F. and Jarosew.ch 

silicate inclusions in the tl l aco, campo u 

nrcntr Parth Sci. 19. 104-125. 
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irons Pic concentrauon nt Ni is 25% lower in N W A46X than in 
C,M9X(X>3 ITicsc irons plot close to sHH on vonc diagrams and close 

10 sHl.on others. , . . r « in 

The memhers ol the Twin City duo Santa t atlianna , i Ml and I win 
Citv 1 i 671 have verv hteh Au contents. < hi svv ral diagrams they plot 
near an extrapolation ol the sHH or the sHI. croups, hut arc anoma- 
lously hieh on the Ni. Cu. and Sh diagrams Ihcv are comptisiuonally 
very similar; they share very high Nt. Sh. and \u contents. anddtlfcr 
hvTmlv small decrees (10 to X>%) in Nt. (.a. t.c. and Ir Huchwald 
( IV75) notes that' Twin City and Santa Cathanna have very similar 
structures: both arc polycrystalltnc ataxttes in winch the- original tacnite 
dimensions were 2 to X cm. Huchwald l ! 07 s i ohserved sm^ I silicates 
in Santa Cathanna and noted that I win C nv cot 'tains what appear to he 
silicates. He did not nnd carh.dcs or graphite in enherdon despite 
claims lor graphite in the ntneieenth-centurv literature^ ) 

L S event cct\ {'tikiuc Mctcortic^ 

^ In hies Al and 3 we show the positions ol the 17 solo meteorites 
relauve u. the nclds ol the main group (MG) and the l " ^ 

I olio wine discussion we compare the compositional pr<^«todiose 
found in' the nearest group. Low-Au mctc.rn.es arc only comparedo 
the low-Au eroups. high-Au meteorites to the high-Au groups. As with 
the above duos, these solo irons are discussed in order ol increasing Au 

C °Ehcphant Moraine EET84300 (1.29) has the lowest Au content Lf 
we accept the conclusion that the (poorly determined t slopes thmugh 
the subgroup fields are roughly parallel to those obwwdin the m^ 
group, then EET84300 could be assigned to sl.M (the old I IQ. 
positrons on ail diagrams m Figs. 2 and 3 are consistent with it lying oa 
^extrapolation of sLM to lower Au values. The reason we are not yet 
willing to assign EET84300 sLM is the large gap between its Au and 
Se’SLt ••normal” member of me group. Maltahohe. 1.60 


m o/p Au (the anomalous sLM Persimmon Creek. Au 1 53 mg/(, is 
sliehtlv closer in Au). The faci ihai the A 1 7 0 of EET84300 is iAB-like. 
“0.50^5“*'. in also m keeping wiih it heme cioseiy linked to the low-Au 
croups including sLM. 

3 Kendall County < 1.40) has by far the lowest Ni coment of any 
meteonte in the IAB complex; its Co cnnteni is also the lowest, though 
only slightly lower than that in Mertzon. Both these elements plot far 
below the main group. 

Elllcolt < 1 40) has the next lowest Au content. It is most closely 
related to the mam group and the sLL subgroup, but has a high Ni 
content and very high Co content relauve lo these. 

Vermillion <1 41) is a silicatc-beanng iron with reduced (Fall .5) 
olivine accounting for 93* of the silicates, leading to its designation as 
a pyroxene pallasilc" hy Boesenberg ct al. (2000). It plots just outside 
the left end of the main group on our diagrams, generally qtnte near 
Ellicoti and EET84300. It is also reasonably close to an exoapoladon 
of sLM trends to lower Au. The A n O of the silicates is -0.76%. 
(Clayton and Maveda. 1996). Because experimental errors are rela- 
tively high for olivtne-nch samples, this is within the uncertainty of the 
[AB range: the A‘’0 of Lueders ts -0.68%.. Although the 6 *0 value. 
2 24%r. Is -2%. lower than the lowest IAB values, olivine lends to 
have lower 6‘*0 than whole-rock: chondnuc silicates, thua the O- 
isotopic composition also appears to be consistent with VenmUion 
being cioseiy related lo the mam group and the low-Au subgroups. 

Y ongoing (1.45) is heavily weathered and. for most elemMO. sim- 
ilar to the MG in composition. The Co content is. however. 10% tower 
than that m main-group irons. We cannot exclude that this reflect! 
selective weathering toss of kamacite; if so. it would require that 10 to 
15% have been removed. Our small section has a high coheaiiecooient. 

Georgetown (1.51) is an unusual FeS-rich meteonte found s* a 
number of small weathered masses tn a mining regioo of Queensland. 
Australia. On most diagrams it plots near an extrapolation of sLM lo 
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(h ihr» (arse strewn fields Campo del Cielo. Canyon Dtablo, Odessa, and 
Table A. Meteorites analwcd hy INAA .ha. we associate wu h die large suewn amps 

Toluca. pi 

‘ r.imnostnonailv similar irons received under other names 


Campo del Cielo 
Canyon Diablo 

Odessa 

Toluca 


Malcquenn. Santiago del Itsqueni Cottonwood Falls. Fossil Springs. Helt Township. 

Moah - ^ coumy - san Lu,s Val,ey 

H,«. M V** , A„»». 


lower Au contents. Its Co ,<• much lower than the trend l™» «* * and 
Ga arc somewhat above such a trend, and »s t u •' htyher. hut s.mtlar 
to that in die anomalous sl.M member IVrsimmon ret ^ 

Mertzon ..51) has As and Ga sonu-nts '■^^-^^p^oontne 
has appreciably higher N, and mush *■ ^ 

results in a positive correlation between these ckmcnis. Urns the ( n- 
served tract, ona, ton e.leeltve.v rules ou, a slow- - w 
Oktibbeha County .1 62) has the h. chest M son sn known 
,ron me.eiv.te N. ,s plotted as an upper hint, ml I ^ 

Despite this very high Ni. the Co sotuenl 1 ' 1,1 L 

r< “i)!u on Aswan 1 1.671 cover the ranee o, the three ^ 

eroups. Ni and As plot ,n si I Ga andGc m 

rclractorv l.thoph.lcs follow ddlerent trends. although lr 

s. H-like S. and G ;= 

but plots in the sl .l. held on Ga- and As Au diagrams, and ,s thus 

closely related to any group . . hllI is verv 

The CiMikeville 1 1 711 data plot nearest to the MG. hut Co is cry 
,o^, L As am low. and Ga. Ge. and W contents are htgher than 

^rhe^burkhala 1 1.71 1 data also plot nearest the mam group but Ni. 

gc m« we ta as, e -- 

to me metal of lour Comers . Buchwald. I^^^we ^.gn.odK 

Udci Station (UsS) grouplct. However, our < Buchwald 1975) 

coarse and line s.l, cates teg.. Mgs. 769 ' Mcsa 

GM^e/g,'^ stdl'lO^'hmh^^-he Udct-.S.ation en-uplet 
produce' well-dcl.ncd trends Figs. 

?s t ; - r,; 

Station grouplel trends to higher Au eon.en.s Nonet ^Icss bccausc o^ 
me difference m s.l.calc contents and the compos, uomdgap. 

" ^ K^^^^fob., .2 00), pirns 

2 x higher. Greek (2 28) are wealheted and the INAA data are 

,S::S Nonetheless these 

L a?& "^higher tfJfe anuc.pated values based on 

exudation* of sLH and sLM trends ,o the reported "Jj* 

O— ££ SSS&SS slSrTsHH and Co 
SSES W arc 2x above me trends of 

both these groups.A3 

Z in this paper to speculate on theongm 

ofindtvidual ungrouped irons. We suggest that most of 


Of die oosiuons of one or two related irons, tt is not possible to confirm 
mat the patterns are parallel to those in me mam group. In many cases 
earelul petroeraphic studies will reveal more information. An esampte 
^e R^hm^Wasson .2002) study of NWA468. in which they 
rcoon evidence indicating mat mis object, which is closely reined to 
me lodranitcs. named by the impact alteration ot chondritic mauer. 


_^appendix^> 


(bTpAIRING OF IAB IRONS 

We have eliminaicd paired irons from Table 2. For example, we 
(Wasson and Ouvang. 1990) have analyzed many meteorites originally 
tvlieved to be independent but mat are now attributed to Canyon 
Diablo Several meteorites have also been assigned to Toluca. Odessa, 
and Campo del Cielo. These are listed in Table Al. 

Thee two anomalous IAB members Irom eastern Europe aid 
Russia mat arc remarkably similar in composition to Morwto. sug- 
gesting mat they arc paired with mis crater-producing iron However, 
dre discovery description of Scelasgen . found 94 km away) ree.mqu.to 
credible and Burgavli was found 5900 km away in Siberia, thua. 9^*1* 
sharing unusual compositions, we feel mey muM be nearedm mde- 
peadoit falls. More investigations are warranted, mcludmg the pow 

hililv mat mislabeling in museums has occurred. 

h * Another interesting case is Ballinger. Oic data listed m Table 2 were 
obtained on a small specimen in the UCLA collection. Anomer rpec^ 
from me American Museum of NaluralH.sto^ t A^Hilma 
jtiftrent composition. mcluding 70 mg/g Nt. 85 mg/g G ^ f2mg)glr. 
and 155 mg/g Au. D. Blakeslce (personal commumcauon. 20011 
ootnts out mat there arc historical records mat indicate mat Wichita 
County was moved to us last outdoor resting sue la Native An««n 
shrine! from a location near Ballinger. Most ot our data ^ AS 

Ballinger arc consistent with if belonging to the same la^WWdU A 
Cmn^v but lr is appreciably lower < 1 .9 ug/g) in the latter. Ourdauon AQ. II 
Sh Ballinger arcaiso not mconststem wtth u beuig a stray from the 

Canyon Diablo strewn licld. cmivu 

Our data show that two Elephant Moraine irons Em7506and 

FET96006 arc clearly paired. Based on discovery 
loervhtc cxanunalKin. me Antarctic meteorite curaton had already 
paurttf 1 BET87 506 wuh EET807504 and EET87505. A fcwy ^*80 
we received from C. Canut de Bon a specimen ot a new adlean iron 
called Ovallc from the Concepcion Museum. Our data show it to be 

identical to the AJgarrabo iron meteorite. 

Tappears that the tiny iron previously called ZhtortZ 

piece ofMundrabilla. Thompson Brook is unrcsolvable fre mM tm^a 
l ST in terms of fair stderophile data. A. Bevan (personal conmnwe.- 
u «i, 2000) notes mat Thompson Brook is undocumented^* “ 

discovery location and that its structure ts consistent with tt being a 
piece of the Mundrabilla shower. 


^APPENDIX 


Q REPLICATE ANALYSES. UNPUBLISHED OR REVISED 
^ AFTER 1986 

We U*t in TabteA2aUanaiy»es comply betweM^e^oTWM Al- 

and July 2001. Starting in 1986 we beg® using 
samples which reduced errors resulting from the 
!^Srgy gamma rays. We also added a fextrth count that led to better 
precision for r a dio mi rl id es wuh half-Uves « l d. 
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Alexander County 
Alexander County 
Algarraho 
Algarrabo 
Algarraho (Ovaile) 

Alearraho (Ovaile) 

Allan Hills ALHA76002 
Allan Hills ALHA76002 
Allan Hills ALHA77283 
Allan Hills A1.HA772X3 
Annabel m 

Annaheim 

Anoka 
Anoka 
Anoka 
Aswan 
Aswan 
liahtoi 
Bahioi 

Hallour Downs 
I lallour Downs 
Ballinger (AMNH) 

Ballinger i AMNHi 
Ballinger lUCLA) 

Ballinger lUCI .A) 

Hischiuhc 
Bischtuhc 
Bischtuhc 
Bitburg 

Black Mountain 
Black Mountain 
Bocaiuva 
Bogou 
Bogou 
Bohumilu/ 

Bohumiliu 

Bolivia 

Bolivia 

Hurkhala 

Burkhala 

Caddo County 

Caddo County 

Campo d Ci (MalcqucnoJ 

Campo d Ci iMalequenoi 

Campo d. Ci (SiuU.d.1. sterol 

Campo d.C (Id Tacoi 

Campo d.Ci (Sant.dJ -sterol 

Campo del C lelo 

Canyon Di (Albuquerque) 

Canyon Di (Mamanmctk) 

Canyon Di (Mamaroncck) 

Canyon Di (San Luis Valley) 

Canvon Di (San Luis Valiev) 

Canyon Di Pulaski County 

Canyon Di Pulaski County 

Carlton 

Casey County 

Chuckwalla 

Chuckwalla 

Chuckwalla 

Colfax 

Colfax 

Comanche (iron) 

Comanche (iron) 

Cookeville 


9005 

U7 

« 11 

6604 

so 

4 84 

9605 

41 

4 66 

9810 

1 1 

4 68 

8612 

47 

4 47 

9903 

44 

4 S3 

8604 

'I 

4 82 

9412 

:4 

4 86 

8705 

7 7 

4 48 

8910 

20 

4 80 


9906 

i)<m 

8910 

‘>001 

8607 

8604 

9707 

9712 

9412 

8601 

8602 

8610 

8611 

8601 


*S 


IS 

26 

26 

71 

20 


18 

29 


4 70 
4 89 

4 '4 
4‘)i 

5 60 
4 85 
4 63 
4 68 

4 SI 

5 22 
5 22 
5-31 
4 99 
4.35 


"<05 

15.0 

7 70 

478 

11.0 

284 

486 

12.2 

278 

441 

12.4 

632 

474 

12.2 

677 

253 

13 1 

740 

<400 

17.3 

511 

<200 

13.3 

450 

406 

11.7 

280 

400 

12.3 

237 

377 

10.8 

272 

316 

11. 1 

212 

782 

U.3 

288 

7 19 

12.9 

283 

761 

12.1 

407 

7 29 

14.7 

436 

347 

13.0 

263 

283 

13.0 

238 

725 

12.2 

254 

368 

12.7 

297 

<100 

23.3 

512 

712 

14.0 

400 

284 

22.1 

470 

492 

11.0 


480 

11.8 

133 

__ 

18.1 

563 

__ 

17.7 

513 

266 

18.5 

388 

319 

17.5 

471 


12.6 

292 


1.44 
112 
115 
1.03 
0.94 
0 82 
l 26 
I 47 
1.77 
1 47 
0 88 
1.40 
1 49 
1.13 
l 42 
1.24 
1.32 
1.32 

0 95 

1 36 
0.95 
1.03 
0.97 
l 20 
0.86 

< 0.10 

1.17 

1.65 

1.47 

1.57 

0.55 

0.43 

0.91 

0.95 

1.07 


182 

7 22 

5.7 

100 

l .24 

4.7 

744 

2.87 


372 

2.96 

9.2 

416 

3 S3 

6.3 

210 

1.73 

3.7 

184 

1.71 

5.9 

210 

2.0* 


230 

2.03 


221 

2.09 

7.4 

246 

2.04 

8.8 

753 

7 82 

11.3 

765 

8.24 

13.5 

237 

2.48 

4.2 

788 

2.62 

10.9 

SIX) 

3 64 

9.1 

2 SO 

3 51 

7.5 

419 

7.88 

7.7 

718 

3 23 

6.7 

763 

3.77 

8.0 

291 

3.22 

6.7 

1 S7 

2.24 

59 


264 

252 


2 53 
2.51 


250 2.46 

277 2.44 

208 2.11 
216 2.26 
<10 0.080 


6.6 

5.9 

5.9 
6.4 ■ 
6.2 

6.9 


152 

180 


1.42 

2.91 


294 2.62 

256 2.62 


149 

123 


1.77 

1.72 


239.860 
219 2.950 

275 2.38 


1.608 
1.486 
1.520 
1.492 
1.639 
1.700 
1.630 
1.591 
1.397 
1.441 
1.650 
1.660 
1.698 
1.883 
1.620 


9.3 

7.4 
9.0 


6.5 

6.3 
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Mctconic 


Cr 

[>atc (ue/gt (mg/g) 


Cookeville 
Ci Hike vi lie 
Coolac 
CiHilac 
Copiapo 
Payton 
Payton 
Pceliontein 
Pcclluntcm 
I'JccMoniein 
1 Singling 
Puel^ Hill ( IH73) 

Ouel Hill ( W" 

Duel Hill 
Dungannon 
Dungannon 
elephant Mor 
I .Icphani Mor LI.T8333J 
I Icphaiu Mor LLTK4300 
1 Icphani Mor L1.TH4300 
1 Icphani Mor I I TH7506 
I . Icphani Mor LI ["87506 
I Icphani Mor 
1 lephant Mor LLT96009 
lllicirtl 
l.llieoU 
I ui field. OH 
I airfield. OH 
I ollinge 
I Vil tinge 
I •our Comers 
l our Comers 
1 reda 
1 recta 
Oahanna 
Gahanna 
C*i ante n Head 
t i ay Gulch 
Gci>rgeiown 
Georgetown 
Georgetown 
Gladstone tironi 
(iiMisc Lake 
(iiH)sc Lake 
Giiose Lake 

Grosvenor Mtn GROT. ■ 
Grosvcnor Mtn GRC ^- 
Grove Mountains 98003 


K603 

8612 

8604 

8605 
8602 
951 * 
9601 
8603 
8607 
8611 
8605 
8610 
*>306 
‘PI 2 
8612 

8607 

8608 
8610 
8608 
8610 


24 
11 
18 
16 
')7 
12 
P 
>8 
17 
l‘> 
P 
I 1 

:n 

28 

27 


I to 
’9 


4 t0 
421 
4 *7 
-1 

4 72 
8 8 1 
6 01 
1 8* 


(ing/gi 

l M-g^g 1 

68 8 

! 49 

”6 1 

167 

70 6 

P8 

69 1 

I 63 

:t 8 

167 

178 

446 

I 68 

424 


"I 7 


8‘MW 

18 

9001 

86 

0008 

1 t 

0009 

8(1 

8601 

18 

8602 

18 

8804 

20 

8806 

IS 

86U 

1 1 

8612 

13 

8612 

49 

8705 

10 


8700 

8801 

9412 

9603 

0101 

0101 

*>306 

0307 

0105 

8602 

8906 

8008 

8010 

9003 

9904 

0002 

0004 


11 
10 
1 T 

I t 


2790 
4t40 
161 l 

18 
t6 
26 
10 
■> ■> 

16 

P 

11 


82 

66 t 

19 

"8 1 

87 

-I t 

78 

66 1 

6 l 

68 4 

86 

?*6 9 

ss 

"1 

84 

»,8 2 

, >8 

's 7 

l 78 

>1 9 

i DO 

•lit 0 

* 07 

1 

> 18 

;ns 2 

8 1 t 

:o9 0 

8 60 

209 6 

8 4 t 

206 2 

8 02 

78 4 

4 SO 


4 69 

60 0 

4 SI 

66 4 

8 «)8 

| 71 4 

8 06 

179 1 

8 05 

88 5 

6 01 

06 4 

6 t() 

P2.6 

6 19 

p7 9 

4 76 

67 9 

4 67 

70.7 

601 

168.4 

6 74 

144 6 

< 12 

60 l 

4 61 

" 8 8 

4 64 

»7 7 


W Re lr P 1 , A “ . 

( .,«< gi (ng/g) <t*g/g) (MW (MW 

1.810 
1.699 
1.470 
1.500 
1.661 
1.741 
1.730 
1.680 
1.450 
1.780 
1.510 
1.455 
1.434 
1.428 


260 

2.46 

8.9 

216 

2.54 

347 

2.86 

8.1 

251 

2.82 

284 

3.02 

1.4 

<55 

0.027 

<86 

0.028 

<3.2 



2.61 

5.6 

1.427 

2.52 

4.6 

1.540 

2.88 

8.8 

1.723 

2.84 

6.2 

1.742 

1.70 

3.1 

1.241 

1 96 

<3.2 

1.330 

3 06 

5.9 

1.949 

2.95 

10.1 

1.964 

3 12 

5.1 

1.980 

3.12 

5.7 

2.033 

3 45 


1.430 


Grove Mountains 98003 

9K0H 

24 

GuangM Coal Mine 

9903 

25 

(Jiangxi Coal Mine 

9905 

i: 

Gun Creek 

8610 

:i 

Hartowiown 

8611 

17 

Hassi-Jekna 

8612 

18 

Hassi-iekna 

8603 

24 

Idaho 

8604 

23 

Idaho 

8806 

24 

Idaho 

8610 

28 


I W 

Jaralito 
Jenkins 
Jenkins 
Jenny's Creek 
Jenny * Creek 
Jenny's Creek 


8604 

8603 

8604 
8608 
8611 
8704 




85.3 

410 

13.4 

83.9 

356 

13.6 

22.2 

<100 

10.8 

61 1 

180 

17.0 

23.2 

<100 

27.2 

21.9 

<100 

25.9 

84 5 

312 

13.5 

82.0 

265 

12.9 

86.0 

353 

13.2 

94 0 

508 

11.5 

85.8 

329 

10.4 

87.1 

410 

12.6 

900 

342 

13.1 

85.2 

304 

14.1 

76.8 

310 

13.1 
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Date 


_ Sb W Re Ir Pt Au 

N, . t . ,X ."*». OjW) '* "»■> *— *» aae asa ( “ WI w ‘-i 


Kaaliiarv 
Kaalijarv 
Karce Kloof 
Karee Kloof 
Kendall County 
La Serena 
l.a Serena 
Lamesa 
Landes 
Landes 

Ixwis Cliff LLW 86540 
Lewis Cliff LLW 86540 
I inville 
I inwoixi 
Livingston IN 
Livingston IN 
Luedcrs 
Lucders 
Magnesia 
Magura 
Maltahohc 
Maltahohc 
Mayerthorpc 
Mayerthorpc 
Mazapil 
Mazapil 
Mertzon 

Mesa Verde Park 

Mesa Verde Park 

Misteca 

Misteca 

Misteca 

Misteca 

Misteca 

Momll 

Momll 

Mount Avliff 

Mount Av 111 I 

Moum Howe H(WKK4<H 

Mount Howe HOW8H403 

Mundrahilla 

Mungtndi 

Mungindi 

Naey-Va/snny 

Naey-V a/sony 

Nantan 

Neptune Mountaias 
Neptune Mountains 
New Leipzig 
Niagara 
Niagara 

North West Africa NWA176 

North West Atnca NWA176 

North West Alrica NWA468 

North West Atnca NWA468 

Ocotillo 

Ocoullo 

Ogailaia 

Ogailaia 

Oscum Mountains 

Osseo 

O/.rcn 

Ozren 

Pan de Azucar 
Pan de Azucar 


9412 

9503 

8608 

8607 

8611 

9003 

9004 
8607 
8604 
8801 
S90H 
9001 
0105 
8602 
8804 
8806 
9412 
9503 
8602 
8602 
9103 
9204 

8603 

8604 

8605 
0101 
8602 
8612 
8705 
8612 
8608 

8607 

8608 
8612 
8608 
8607 
9312 
9412 
9008 
9103 
8601 
8704 
8709 
8906 
8910 
8605 
8601 
8603 
8602 
8902 
8906 
0011 
0101 
(XX)4 
0006 
9008 
9103 
9312 
9412 
8606 
8606 
9312 
9412 
8603 
8606 


28 

17 
4 * 
*6 

189 

18 
15 


4 SI 
4 70 
4 76 
4 64 
1 >4 
4 75 
4 77 


3 

7* 5 
84 8 
81.8 
*7.6 

77.0 

7 V 3 


165 

153 

228 

227 

454 

199 

162 


14 

* *9 

1 34 0 

316 

433 

4 44 

66.4 

635 

473 

4 *1 

64 7 

319 

| 2 

* 93 

187.1 

489 

1 2 

6 ()5 

178 7 

498 

1 1 

ft 1ft 

1*6 6 

276 

14 

4 47 

69 0 

137 

31 

4 12 

~ 3 5 

297 

34 

4 14 

"6 7 

296 

429 

4 7* 

"0 4 

304 

U3 

J s* 

'0 7 

405 

1 1 

4 35 

10H.0 

256 

12 

- *57 

64 3 

138 

|4 

4 35 

I0L9 

172 


* 17 

125.3 

154 

21 

4 76 

69 4 

139 


4 74 

72.3 

138 

<25 

4 Mb 

S7 8 

222 

17 

4 ‘X) 

89 2 

192 

TO 

X 19 

94 0 

668 

->T 

4 73 

126.0 

349 

| 3 

* 02 

105.6 

300 

Ml 

* 51 

S3. 7 

172 

27 

* 62 

88.2 

166 

20 

4 99 

SO. 3 

166 

i ■> 

<5 74 

‘KL8 

172 

M3 

* *8 

S2.3 

167 

|4 

4 SO 

S4 5 

299 

IS 

4 78 

"9 * 

254 

23 

4 92 

69 2 

125 

28 

4 S3 

69 4 

142 

amt 

4 31 

SH 1 

389 

*MH 

4 36 

S4 1 

374 

124 

4 97 

78 1 

116 

| * 

* 51 

121 

253 

14 

5 48 

120 

243 

2] 

4 94 

80.4 

189 


* 05 

S2.5 

1SS 

20 

4 69 

70 2 

149 

24 

4 75 

70 1 

149 


4 70 

^4 0 

148 


4 64 

6* 5 

1*0 

1 1 

5 34 

77.5 

164 

17 

4 85 

SO. 2 

1 80 

523 

4 14 

86. 6 

318 

117 

4 14 

S* 4 

281 


82. 1 

311 

17 0 

78.2 

— 

18.0 

81.7 

341 

14.7 

75 8 

274 

14.0 

76.6 

360 

10.5 

70.6 

190 

16.1 

70.4 

246 

15.6 

12.9 

<100 

24.9 

89. 2 

487 

10.6 

82.6 

485 

9 18 

4 31 

<100 

29.6 

4 29 

<100 

27.9 

8 30 

<100 

31.5 

H8.5 

— 

11.8 

60.5 

288 

13.4 

64.7 

258 

13.4 

S0.8 

464 

12.1 

79.5 

372 

12.2 

14.3 

<100 

24.0 

98. 3 

— 

10.5 

25.3 

<100 

19.1 

22.7 

<100 

19.3 

80.5 

261 

15.5 

77.3 

332 

14 7 

57.0 

228 

17.0 

57.5 

325 

17.6 

65.4 


12.5 

540 

125 

16.5 

58.5 

184 

167 

68.2 

256 

18.1 

70.7 

352 

19.3 

66.0 

225 

17 4 

73.6 

378 

21.0 

66.6 

260 

18.3 

67.0 

291 

16 l 

61.6 

260 

15.1 

80.1 

308 

15.5 

85 9 

3*5 

15.9 

22.4 

<100 

1 1.9 

21.7 

<100 

11.9 

60.6 

— 

16.7 

18.2 

<33 

22.5 


18.7 
72.5 
75.3 
83. 1 


<50 

263 

2H4 

321 


22.2 
18.2 
18 2 
13.0 


455 

690 

440 

480 

721 

380 

362 

588 

238 
274 

37 

730 

336 

271 

239 
548 
308 
**80 
224 
172 
4H2 

320 

305 

408 

^54 

560 

502 

436 

440 

522 

549 

557 

433 

435 

419 

287 

248 

421 
466 
496 

422 
419 
319 


4S 

19 

26 

29 

31 
25 

23 

35 

24 

32 


7 16 
4 69 
4 60 
4 76 
4 92 
4 16 
4 61 
4.80 
4 69 
4 70 
4.70 


1 19 2 
117.8 

70.1 
71 6 
80.8 

78.3 

70.3 

67.1 
69 3 

72.4 
67.7 
71.9 


282 

243 

112 

120 

155 

142 

157 

161 

134 

144 

166 

176 


77.0 



14.1 

290 

79.4 

254 

14 7 

M0 

93 6 



11.3 

202 

72.7 

244 

17.5 

377 

71.9 

291 

16.5 

378 

17.7 

137 

9.12 

133 

19.7 

439 

9 72 

66 

31.3 

124 

22.9 

421 

30.6 

109 

22.7 

441 

74.1 

300 

13.9 

332 

70.4 

276 

13.5 

326 

68.1 

309 

15.7 

373 

69.4 

292 

16.1 

308 

76.6 

317 

11.8 

265 

92.4 

463 

11.1 

287 

79.6 

331 

14.2 


77.4 

368 

13.9 

230 

80.6 

332 

12.1 

310 

87.6 

386 

12.5 

294 


1.00 
0.87 
1.18 
1.31 
0.93 
0.66 
0.66 
<0.04 
1.39 
1.35 
<0.08 
<0.06 
0.11 
1.16 
0.82 
0.84 
1.28 
1.18 
0.22 
1.66 
0 16 
0.23 
1.62 
0.94 
0.77 
0.64 

090 
0.58 
0.50 
0.80 
0.70 
0.73 
0.73 
0.78 
0.93 

091 
0.79 
0 92 
0.93 
0.99 
0.53 

<0.07 

<0.07 

0.88 

0.75 

LOO 

0 90 
0.92 

1 44 
0.78 
0.82 
1.02 
1.29 
0.62 
0.67 
0.84 
0.78 
1.02 
1.12 
1.24 
1.62 
1 10 
0.94 
1.11 
1.17 


226 3.07 
266 3.00 

102 L34 

92 1.26 

243 2.18 
80 0.549 
<48 0.547 

>300.048 
293 4.24 

416 423 


8.0 

<3.6 

9.0 

6.5 

9.3 
3.2 

3.4 

<0.6 

12J 


1.712 

1.641 

1.539 

1.580 

1.372 

1.690 

1.640 

1.690 

1.450 

L392 


<30 

0.044 

<t\. 3 

1.806 

<21 

0.043 

2.0 

1.820 

<37 

0.018 

1.6 

3.06 

288 

2.88 


1.484 

90 

0.812 

4.2 

1.431 

78 

0.783 

5.2 

1.391 

273 

3.91 

6.5 

1.519 

300 

3.87 

6.6 

1.494 


<48 0.140 
347 3.71 

<50 0.180 
34 0.161 

240 2.15 
229 2.22 

389 5.49 

395 5.69 

180 2.30 

226 2.11 
293 2.21 

305 3.16 

279 2.77 

205 2.05 

313 2.75 

318 3.18 
198 2.05 

188 L85 

280 2.26 

228 2.21 
560 4 67 

529 4 72 

115 0.910 

76 0.590 

<410 0.575 

282 2.25 

271 2.79 

158 1.75 

162 2.21 
240 2.18 

280 2.97 

293 2.94 

245 2.50 

359 3.56 

351 3.67 

292 2.80 
270 2.70 

302 2.60 
213 2.61 
310 2.42 

212 2.43 

268 2.95 

610 6.04 

194 2.61 

200 2.58 

290 2.75 
318 2.91 


L2 

2.5 

3.1 


10.1 

4.3 

5.4 
7.1 
8.0 


7.1 

79 

6.5 

5.4 

8.4 
8.8 
7.1 

< 1.0 

1.5 
5.9 
6.3 
6.3 


3.6 

5.4 

6.1 

7.8 

9,2 

4 

39 

49 

6.0 

6.6 
48 
5.4 

4.0 

5.6 

3.6 

0 


2.71 
1.445 

1.623 
1.321 
1.620 
1.660 
1.700 
1.689 
1.540 
1993 
1.703 
1.872 
2.07 
2.46 
2.13 
L870 
1 640 
1.640 

1.632 

1.633 
1.234 
1.265 
1.610 
1.720 
1.610 
1.730 
1.841 
1.490 
1.590 
1.660 
L422 
1.781 
1.745 
0.853 
0.870 
2.25 
2.17 
1.650 
1.679 
1.629 
1.643 
1.500 
1.560 
1.569 
1.602 
1.500 
1.560 


! 
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T able A2. (Continued) 
Ni Cu Ga Ge 


Mctcornc 

Pecora 1-scarp PCA91003 

Pecora I -scarp PCA9I003 

Pine River 

Pine River 

Pine River 

Pitts 

Pitts 

Pittsburg 

Pittsburg 

PlXTpOSO 

Purgatory Peak A 7 7006 

Purgatory Peak A 7 7006 

Quesa 

Kcdtields 

Rcdliclds 

Red lie Ids 

Rifle 

Rifle 

Rifle 

Rosario 

San Cristobal 

San Crtsiobal 

Santa Cathanna 

Sardis 

Sardis 

Sarepta 

Scligman 

Seymour 

Shrewsbury 

Shrewsbury 

Silver Crown 

Silver Crown 

Smith vi lie 

Soledade 

Soledadc 

SoroU 

Surprise Springs 
Surprise Springs 
1 a/cwcll 

I'hicl Mountains 111/71725 

Thiel Mountains ITI.91725 

Ihompson Brook 

Toluca Nueva 

Toluca Nueva 

Twin City 

Udei Stauon 

Uruacu 

Uruacu 

Vermillion 

Vermillion 

Victoria West 

Waldron Ridge 

Waldron Ridge 

Watcrviile 

Waterville 

Wedderbum 

Wolscy 

Wolsey 

Woodbine 

Woodbine 

Wu-Chu-Mu-Chin 

Wu-Chu-Mu-Chin 

Yenbemc 

Yenbemc 

Yongnmg 


Pate <4g/g> 

ime/ci 

< mg/g ) 1 

‘MOft 

n 

4 61 

67 9 

‘7/07 

’5 

4 61 

71 6 

8607 

s 

4 49 

90 5 

8610 

8 

4 86 

80.3 

8704 

14 

4 84 

84 1 

8607 

14 

5 98 

122 

8610 

14 

* 47 

1 M .3 

X60H 

:o 

4 62 

71 0 

8610 

12 

4 71 

63 5 

8607 

44 

4 64 

68 1 

*700 

1 » 

4 ftX 

“4 1 

S'MO 

l 

4 7| 

710 

0105 

i ‘ 

h o<1 

124 4 

8K04 

<< 

4 87 

68 4 

8806 

> J 

4 91 

69 4 

8X09 

i" 

4 OS 

66 7 

8603 

:» 

4 69 

69 6 

x*x> 2 

22 

4 71 

69 1 

8904 


4 68 

"I 2 

8602 

24 

4 66 

68.1 

K704 

} - 

6 22 

249 

‘Ml 2 

1 h 

6 02 

255 2 

8601 

iO 

6 14 

175 0 

8601 

19 

4 66 

64 4 

8603 

17 

4 S6 

70.1 

8602 

12 

4 68 

68 8 

861 1 

is 

4 50 

67 5 

8602 

1 1 

4 64 

68 1 

8601 

20 

4 94 

84 8 

8603 

1 1 

4 88 

86. 8 

8603 

26 

4 61 

69 7 

8604 

*1 

4 61 

75.4 

8612 

21 

4 60 

70.5 

8610 

20 

4 70 

64 8 

8611 

22 

4 41 

70.8 

8809 

18 

6 48 

133.6 

‘M12 

to 

4 75 

81.3 

‘Ml 2 

U 

4 94 

77 6 

8612 

! * 

« 9| 

170 1 

>M06 

2^2 

4 61 

84.3 

9*07 

is< 

4 76 

76 5 

K704 

IS 

5 03 

76 5 

8X04 

( S 4 

4 89 

79.9 

8806 

17 

4 77 

844 

0101 

■* 

5 96 

106.2 

8611 

58 

4 87 

98.8 

‘>908 

29 

4 65 

64 7 

9909 

28 

4 67 

63.8 

9511 

20 

4 86 

76.4 

9503 

61 

4 89 

71 5 

H709 

13 

5.70 

125.6 

9003 

19 

4 71 

77 8 

‘XX)5 

V? 

4 60 

81.4 

8601 


4 78 

76.3 

0105 

>7 

4 89 

77.3 

0107 

10 

6 12 

232.0 

9103 

5! 

4 57 

66.1 

9104 

35 

4 47 

66.2 

8606 

101 

5.54 

97.5 

8607 

<0 

5 30 

92.6 

9808 

to 

5 90 

225.1 

9806 

20 

5.97 

218.3 

8604 

23 

4 64 

73.8 

8605 


4 79 

67.5 

0101 

4/ 
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